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Synopsis 


Advanced engineering materials, despite their remarkable technological char- 
acteristics, have not been exploited yet due to lack of appropriate machining 
technology It is hence imperative to evolve novel, cost-effective and rapid 
machining techniques that are particularly suited to advanced materials To- 
wards this end, the emphasis of late has been on developing efficacious hybrid 
machining processes which combine two or more machining techniques, with 
a view to exploiting their synergy The thesis is on a new hybrid process 
called Electrical Discharge Diamond Grinding (EDDG) which integrates di- 
amond grinding and electrical discharge machining (EDM) for machining 
electrically conducting hard materials In this process, the workpiece is si- 
multaneously subject to heating by electrical spark discharges bridging the 
metallic wheel bond and the work, and abrasion by diamond grains 

Motivations for the development of EDDG process are manifold While 
grinding hard materials, it is essential to frequently dress the wheel surface 
to maintain a wheel topography conducive to effective grinding, due to acute 
wheel loading and glazing problems In EDDG on account of erosion of the 
wheel bond by the spark discharges, dressing and decloggmg of the wheel 
is m-process which saves the unproductive down-time spent on wheel dress- 
ing, moreover, electro-discharge dressing is more efficient than mechanical 
methods, since it does not involve shearing and consequent loss of abrasives, 
as m the latter This apart, the spark discharges thermally soften the work 
material m the grinding zone, akin to hot machining, on a microscopic scale, 
and thus facilitate grinding and dimmish the grinding forces 

EDM-grinding hybrid process is in its early stages of development and 
the published literature available on the process constitute a thm body of 
work Sustained research efforts are required to transform the process into 
a mature technology This thesis makes an attempt m this direction The 
work reported m the thesis comprises both experimental and theoretical com- 
ponents The accent m the experimental work is on examining the role of 
electrical spark discharges incorporated at the wheel-work interface m en- 
hancing the grinding performance Experiments have been conducted on 
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high speed steel (HSS) and cemented carbide workpieces to elucidate the 
material-specific stock removal mechanism On the theoretical front, m or- 
der to model the EDDG process, two approaches to modeling diamond wheel 
topography are presented m the thesis The utility of the wheel topography 
model m simulating surface generation m EDDG is also demonstrated 

Experiments have been conducted on a die-sinking type spark erosion ma- 
chine The set-up consists of a grinding spindle assembly and drive, mounted 
on the ram of the EDM machine to rotate the peripheral, metal-bonded dia- 
mond wheel about an axis parallel to the machine table, for material removal 
m cut-off configuration The downfeed of the rotating wheel is regulated au- 
tomatically by the servo control of the EDM system such that the metallic 
wheel bond and the work surface are separated by a gap, the width of which 
depends on the local breakdown strength of the dielectric used, for a particu- 
lar servo reference voltage The electrical spark discharges that occur m the 
interelectrode gap thus thermally influence the work surface and the wheel m 
the grinding zone, while those diamond grains with protrusion height greater 
than the mterelectrode gap- width abrade the work The iole of spark dis- 
charges m augmenting the grinding performance is appraised m terms of the 
material removal rate (MRR) and the grinding forces, and is compared to 
grinding with no spark assist The input parameters investigated are the cur- 
rent and wheel speed for HSS, and the current, pulse on-time and duty-factor 
for cemented carbide 

Diamond grinding experiments on HSS indicate that the wheel rapidly 
loses its ability to grind effectively due to the formation of wear-flats on the 
abrasive grains owing to graphitization of diamond This also leads to an 
increase m the normal force as grinding progresses The problem is quite se- 
rious at high grinding speeds since the rate of graphitization depends on the 
temperature at the gram-work interface, which m turn is a function of the 
wheel speed The introduction of electrical spark discharges m the grinding 
zone has been found to alleviate these problems The continuous renewal of 
the wheel surface due to bond erosion by the electrical discharges overwhelms 
abrasive blunting, and results m a higher MRR, the normal force is also ren- 
dered stationary which is advantageous from the point of view of machining 
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accuracy Moieo\ei with an i'\< i> . • m cunent, the normal force has been 
observed to decrease coiiMdciabb • , ; dying thermal softening of the work 
by the electrical discharges I he "’Mai grinding force, however, exhibits 
a maximum with respect to c aim: -”H‘e the flow and welding of adhesive 
junctions between the abiasi\o t ■ ■ and the work is facilitated at a par- 
ticular temperature Scanning <’f * a\ micrographs of surfaces ground at 
various wheel speeds re\eal that t! > * *ii«»ct of the spark discharges decreases 
with increasing speed, presumabh ■« . to discharge instability at high wheel 
speeds The experiments on HS^ h .< led to concluding that (1) EDDG is 
technologically attractive for gimmr turd materials, carbide-steel combina- 
tions and materials that tend to W: ' i.v wheel, (11) the wheel wear, however, 
has to be optimized for EDDG to it, *« •onomically viable, and (in) the ther- 
mal softening of the work by the d: - barges can be taken advantage of to 
substitute diamond abrasnes with t, Timely inexpensive A 1 2 0 3 abrasives for 
grinding hard materials 

The behavior of WC-TiC-(Ta\b ;< ( o cemented carbide is quite different 
from that of HSS while grinding wi« h clot t.ncal spark assist The experimen- 
tal results denote that at low cm i tun , t he grinding performance enhancement 
while grinding the cemented (unhide it> due to decloggmg of the wheel sur- 
face With an increase m curituit the MRR m fact decreases as material re- 
moval due to plastic deformation dominates over microcracking mechanism, 
as a consequence of thermal softening of the work Furthermore, pull-out 
of abrasives from the bond is prevalent at higher currents, as indicated by 
micrographs of the ground surface and the force traces, and substantiated by 
the observation that the MRR mn eases vuth decreasing pulse on-time and 
duty factor, for a particular current The results imply that electrodischarge 
dressing of the wheel away from the grinding zone would be more appropri- 
ate for grinding cemented carbides WC-TiC-(TaNb)C-Co has been found to 
exhibit an increase m wear resistance at low discharge current which is inter- 
preted m terms of the role of fracture toughness m the wear of the composite 
Thermal relief of the inherent tensile residual stress m the cementing phase 
of the composite, through which the rupturing cracks propagate appears to 
be responsible for the rise m fracture toughness and the concomitant increase 
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m wear resistance 

Information on the topogiaphy of diamond grinding wheels is indispens- 
able for modeling the EDDG process Currently, models for the topography 
of diamond wheels are not available, and the existing models pertaining to 
conventional wheels cannot be extended to diamond wheels since these wheels 
are structurally very different With this m view, two approaches to model 
the diamond wheel topography are presented m this thesis The first is a 
stochastic simulation methodology which entails a random sampling tech- 
nique, and the second, a mathematical model based on simple concepts of 
probability theory The indices that characterize the topography of a dia- 
mond wheel viz , the static gram count, the protrusion height distribution, 
the distribution of inter- gram spacing, and the projected area due to exposed 
abrasives are estimated by these models, with reference to wheel grit size and 
concentration The study indicates that (i) the protrusion height distribu- 
tion of a freshly dressed diamond wheel is uniform, and is independent of 
abrasive concentration, (11) the inter-gram spacing conforms to a gamma dis- 
tribution, and (in) the projected area due to exposed abrasives is mdependent 
of abrasive grit size The results are validated by experimental data available 
m the literature 

In EDDG, it is expedient to fimsh-grmd components with the current 
switched off, since the spark discharges deteriorate the roughness of the 
ground surface In this light, a simulation of surface generation m diamond 
grinding, with regard to the kinematics pertaining to EDDG process is pre- 
sented The wheel topography data required for the simulation are derived 
from the stochastic model mentioned earlier The simulation enables predic- 
tion of the roughness of the ground surface for various grit sizes, the results of 
which are verified by experiments conducted on the EDDG set-up developed 
In addition, the simulation yields the statistical properties of the ground sur- 
face, and the relationship between the surface roughness parameter R a and 
the average uncut chip cross-sectional area 

The thesis also outlines possible avenues for future research on EDDG 


IX 



Publications 


• Philip Koshy, V K Jain and G K Lal, A Model for the Topog- 
raphy of Diamond Grinding Wheels, Wear 169 (2), 237-242 (1993) 

• Philip Koshy, V K Jain and G K Lal, Mechanism of Material 
Removal m Electrical Discharge Diamond Grinding, accepted for publi- 
cation in the International Journal of Machine Tools and Manufacture 

• Philip Koshy, V K Jain and G K Lal, Grinding of Cemented 
Carbide with Electrical Spark Assist, submitted to Journal of Materials 
Processing Technology 

• Philip Koshy, V K Jain and G K Lal, Stochastic Simulation 

Approach to Modeling Diamond Wheel Topography, submitted to In- 
ternational Journal of Machine Tools and Manufacture ’ 

• Philip Koshy, V K Jain and G K Lal, Simulation of Surface Gen- 
eration m Diamond Grinding, to be submitted 



Nomenclature 


a, b parameteis of the mathematical model for wheel topography 

a c uncut chip cross-sectional area 

a m mean uncut chip cross-sectional area 

A p projected area due to a protruding gram 

Ap projected area of contact of the abrasive 

A p av average projected area due to protruding grams 

c side of cubic volume of wheel material considered for modeling 

C abrasive concentration 

d uncut chip thickness 

erf error function 

E[ ] expected value 

/ fraction of pulse power expended at the anode 

/ ( ) probability density function 

F n normal force 

F p normal force corresponding to pulse power p 

F t tangential force 

F { ) population distribution function 

g parameter for calculating the shape parameter A 

g w mterelectrode gap-width 

G geometric mean of mter-grain spacing 

h ordinate of the highest point on the work profile 

H work-material hardness 

H b height of bond surface from datum 

k thermal conductivity 

K a constant 


l ordinate of the gram center w r t bond level 

L s sampling length 

MRR 5 rate of material removal due to grinding 
n sample size 

[iVf , iVf] 95% confidence limits for static gram density 

N p v average number of protruding abrasive grains 

N st static gram density 

p pulse power 
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Ph abrasive piotrusion height 

Phmax maximum protrusion height 

q power flux 

r radius of abrasive gram 

r a radius of spark channel 

R a surface roughness parameter 

S abrasive mesh size 

Sk skewness 

S m mean abrasive mesh size 

S ( ) empirical distribution function 

t thickness of the debris layer adhering to the wheel 

t on pulse on-time 

T temperature 

T s Smirnov test statistic 

u specific grinding energy 

v peripheral wheel speed 

V a volume of abrasives m c 3 volume of wheel material 

(x/r) parameter representing the critical state of bonding of a gram 

y ordinate of abrasive gram center 

Greek symbols 

a thermal diffusivity 

A shape parameter of gamma distribution 

p r mean abrasive gram radius 

p z mean profile height 

Pd density of diamond 

a scale parameter of gamma distribution 

<r r standard deviation of abrasive gram radius 

<7 Z standard deviation of profile height 

cj) integral complementary error function 

F gamma function 

A w material removal parameter 
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Chapter 1 
Introduction 


1.1 Machining of Advanced Materials 

Rapid progress in the science and technology of materials has resulted m the 
emergence of a wide range of engineering ceramics and composites Materials 
can now be tailor-made to feature a combination of desired properties for ad- 
vanced applications Endowed with remarkable technological characteristics 
such as high strength even at elevated temperatures and excellent wear resis- 
tance, these materials offer attractive options for component design, silicon 
nitride bearings, for instance, can be operated upto 700°C under extremely 
corrosive conditions without lubrication Howe\er, the very material proper- 
ties responsible for superior product performance, render the transformation 
of such materials into useful products difficult 

Lack of appropriate machining technology is evidently the major impedi- 
ment to exploiting advanced materials For high precision components, with 
the present technology, the cost incurred m machining could be as much as 
90% of the total component cost, which is quite high in comparison to the 
cost associated with machining conventional materials It is hence pertinent 
to direct research efforts toward developing novel, cost-effective and rapid 
machining techniques It is also essential that the machining process induces 
only tolerable surface damage, m view of the strength of these materials being 
susceptible to flaws generated during manufacture 

Ceramic parts can be fabricated to near-net shape only m the green state, 
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foi which polycrystallme diamond tools are extensively used On sintering, 
machining of the functional surfaces of a part is indispensable to meet tol- 
erances of dimension and form, to achieve specified surface finish, and to 
remove surface flaws for a better surface integrity Reference [1] presents an 
excellent review of the state of art of machining of ceramic materials, and 
identifies areas for future research Many machining processes that have been 
developed for machining metals are currently being extended to advanced 
materials Machining of ceramics with a geometrically defined cutting edge 
necessitates the tool to be harder than the work-material, and be of a con- 
figuration that would remote material without overstressmg the machined 
component Turning and milling of ceramic parts m the hardened state is of 
limited scope since the tools experience unacceptably high rates of wear, and 
m the course of machining exert too great a local tensile load on the work re- 
sulting m severe surface damage Machining of hardened ferrous components 
is however technologically and economically feasible with ceramic tools, on 
rigid and precise machines [2] 

Grinding of hard materials is accomplished with diamond or cubic boron 
nitride superabrasives The problems encountered during grinding of ad- 
vanced materials, on account of their being inherently hard and brittle have 
paved the way for the development of material-adapted grinding techniques 
[3] This refers to the identification and control of grinding conditions to 
be employed to maximize the rate of material removal, while maintaining 
the level of surface damage within acceptable limits Material removal while 
grinding hard materials is known to be effected by a combination of brittle 
fracture and plastic deformation mechanisms Brittle fracture entails two 
principal crack systems — lateral cracks responsible for material removal, 
and median cracks which degrade the strength of the parent material Plas- 
tic deformation is similar to chip formation during grinding of metals which 
involves shearing of the material 

The operative mode of material removal while grinding hard materials 
depends on the size and density of defects such as voids and cracks m the 
material, and the extent of the stress field arising out of the interaction of 
abrasives with the work [4] When the stress field is larger than the size 
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of defects, material is removed by way of localized micro brittle fracture, 
and when the bulk of the stress field is smaller, the mechanism of mate- 
rial removal is pnmarily plastic deformation Removal of material can be 
facilitated, if that is what is of interest, by effectively taking advantage of 
the phenomenon of brittle fracture by employing appropriate grinding pa- 
rameters On the other hand, if sub-surface damage is intolerable, as m the 
grinding of optical glass, ductile mode is adopted by resorting to operating 
conditions that correspond to cutting depths less than a certain threshold 
value specific to the material [5] 

Electrical discharge machining (EDM) is perhaps the most popular among 
electrical machining techniques, for the machining of advanced engineering 
materials Apart from the generation of extremely complex geometries by 
die-smkmg and wire-cuttmg, materials can by this method be processed re- 
gardless of hardness or strength, with negligible forces exerted on the work, 
provided the work material electrical resistivity is not more than 100 flcm 
In EDM, material is removed by utilizing high-density thermal energy While 
machining metals, material removal is essentially by melting and vaporiza- 
tion phenomena This leaves a recast layer of heat-affected material on the 
work surface which consists of a fine network of microcracks, which has to 
be removed by polishing if surface integrity is of concern Material removal 
has also been known to take place by thermal spalling m case of materials 
like T 1 B 2 which have a high thermal expansion coefficient and low thermal 
conductivity The remarkable success of the application of EDM m shaping 
intractable materials can be appraised by considering the fact that many 
nonconducting materials, just for the sake of machining, are rendered elec- 
trically conductive to the level required for electrodischarge processing by 
doping them with conductive elements [6] 

Besides grinding and EDM, other processes such as honing, lapping, ul- 
trasonic machining (USM), electrochemical machining (ECM) and abrasive 
water-jet machining, and techniques employing laser, ion or electron beams 
are also practiced for machining advanced materials Novel methods of fin- 
ishing like magnetic abrasive machining are being innovated and continually 
refined Lately, the accent has been on developing efficacious hybrid machm- 
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mg techniques 

1.2 Hybrid Machining Technology 

Hybrid processes combine two or more machining techniques with a view' to 
exploiting their synergy to enhance productivity, particularly for machining 
difficult-to-machme materials 

Perhaps the most well-known among hybrid machining processes is elec- 
trochemical grinding (ECG) which involves the combination of ECM and fine 
grinding for the machining of hard or fragile electrically conducting materi- 
als ECG systems closely resemble conventional grinding machines, grinding 
wheels with a conducting bond are utilized m ECG, with an electrolyte re- 
placing the coolant Machining proceeds with a potential applied across the 
wheel and the work, with the 'wheel acting as the cathode Typically, 90% of 
the material removal is by electrochemical means and the rest by abrasion 
The abrasive grains do away with any nonreactive oxide layer formed on 
the machined surface to ensure unhindered electrolytic action For materials 
with a hardness of R c 60 or more, ECG offers removal rates upto ten times 
of that of conventional grinding In case of nonhomogenous materials like 
cemented carbides, the surface finish obtained is also better Moreover, no 
matter how hard, tough or brittle a material is, the finished work surface 
is free from burrs or gnnding-burn marks Since the dimensional accuracy 
obtained m ECG is not as good as m conventional grinding, it is a normal 
practice to finish components with no electrochemical material removal The 
application of ECG is primarily m the manufacture of carbide cutting tools, 
where savings of the order of 80% m w heel costs and 50% m labor costs have 
been reported [7] to be realized, as compared to conventional grinding 

Electrochemical arc machining (ECAM) which combines ECM and spark 
erosion, relies on electrical discharge phenomenon in electrolytes for material 
removal [8] In this process, a pulsed voltage (full-wave rectified a c ) is ap- 
plied between a vibrating cathode tool and the work, which are separated by 
a gap The input voltage waveform is tuned to be m phase with the displace- 
ment of the tool During the course of vibration of the tool, m every cycle, 
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as the interelectrode gap decreases, the current increases and sparking takes 
place by breakdown of the electrolyte, aided by the generation of gas/steam 
bubbles m the gap Material removal is by electrolysis when the gap-width 
and current are not conducive to sparking Any metallurgical damage to 
the work due to spark discharges, can also be alleviated by electrochemical 
action m this process Typical material removal rates obtained m ECAM are 
nearly a hundred and fifty times of that of EDM, and three times that of 
ECM m hole-drilling applications 

The primary limitation of USM process is the low material removal rate 
(MRR) The introduction of electrical discharges m the machining zone m 
USM has to a large extent overcome this constraint For tungsten carbide 
material, a 50-85% increase m MRR has been observed [9] on combining 
EDM and USM, due to activation of the abrasive slurry by the discharges 
Scanning electron microscopic studies of the machined surface has indicated 
that abrasion effectively removes material which is thermally softened by the 
electrical discharges 

Reference [10] reports a hybrid process which involves the combination 
of grinding, USM and EDM for processing ceramic components Imparting 
an ultrasonic vibration alone to the grinding wheel, m addition to decreasing 
the grinding forces for various ceramics to about 30% of that m conventional 
grinding, has been found to render the grinding forces stationary Grinding 
of very hard materials like TiB 2 requires the addition of EDM also m the 
process to obtain constant and low grinding forces, and to maintain the 
grinding ability of the wheel during the course of machining 

There has been a renewed interest m hot machining with the advent of 
difficult-to-machme materials In hot machining, by some external means of 
localized heating, the work is rendered soft m comparison to the tool, which 
is expected to result m lower cutting forces, a better surface finish and a 
longer tool life Either plasma arcs or laser beams are used as heat sources 
Laser beams are however preferred to plasma arcs since they possess a higher 
power density and strong directionality moreover, they are flexible to handle 
and are amenable to fine control 

Plasma hot machining of ceramic materials is discussed m reference [11] 
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The response to plasma arc heating of the work while machining has been 
found to be material-dependent, while silicon nitride exhibited a marked 
decrease m turning forces as the workpiece was heated to temperatures above 
1050°C, the forces were observed to be on an increase with a rise m workpiece 
temperature m the case of alumina The mechanism of chip formation for 
a variety of materials like mullite and silicon carbide, on heating, has been 
observed to change over from brittle fracture to plastic flow, exemplified by 
the change m the chip-form from discontinuous to continuous A remarkable 
decrease m tool wear — by a factor of eight, has been obtained by plasma 
hot machining silicon nitride with a diamond tool 

In laser-assisted machining of hard materials, the beam intensity and in- 
teraction time are selected such that, during the cutting operation the work- 
piece is selectively heated to a defined depth which would reduce the cutting 
forces but cause no thermal damage to the functional surface generated The 
resultant low cutting forces permit the machining of fragile or slender com- 
ponents Milling of a cobalt-based alloy (stellite) with laser-assist using a 
cubic boron nitride tool has been reported [12] to result m 70% reduction of 
cutting forces and 90% increase m tool life The reduction m tool wear is 
on account of the decrease in stresses experienced by the tool face, brought 
about by thermal softening of the work Recently, laser-assisted grinding of 
hot-pressed silicon nitride has been found [13] to increase the rate of material 
removal by six times with no mechanical damage imparted to the workpiece 
Research on chemical means of assisting material removal processes are 
also being pursued Interactions between chemical compounds added to the 
cutting fluid, and the work-surface, could influence the coefficient of friction 
m the cutting zone, the wear of abrasives and the mechanical properties of 
the work material The addition of boric acid while drilling polycrystallme 
alumina with a diamond core drill, for example, has been observed [14] to 
increase the MRR twofold due to boric acid influencing the gram boundary 
phase m alumina, promoting intergranular fracture 

The foregoing discussion clearly indicates that hybrid machining tech- 
nology potentially has a vital role to play m the machining of advanced 
materials The work reported m this thesis is on a new hybrid process called 



1.3 Electrical Discharge Diamond Grinding 


7 


Electrical Discharge Diamond Grinding (EDDG) which integrates diamond 
grinding and EDM for machining electrically conducting hard materials The 
following section provides an introduction to this process, and a review of 
the relevant literature available 

1.3 Electrical Discharge Diamond Grinding 

The concept of integrating EDM and diamond grinding for machining electri- 
cally conducting hard materials was perhaps first highlighted m publications 
from the erstwhile Soviet Union [15-17] There are two basic configurations 
by which the combination of grinding and EDM can be realized [17] (l) The 
workpiece itself acts as the dressing electrode whereby the grinding and wheel 
dressing zones are combined (Figure 1 la) The work is thus simultaneously 
under the action of diamond grains and electrical spark discharges which 
cause abrasion and material softening/ removal respectively The reduction 
of grinding forces and power, due to spark induced thermal softening of the 
work, and enhanced wheel performance due to continuous, m-process dress- 
ing and decloggmg of the wheel are the salient features of this set-up Though 
the construction is simple, this arrangement precludes independent optimiza- 
tion of grinding and dressing operations, which m some cases might result 
m wasteful diamond wear (n) A separate electrode accomplishes electrodis- 
charge dressing of the wheel outside the grinding zone (Figure 1 lb) The 
discharges are utilized for the renewal of the wheel topography alone and do 
not exert any influence on the work The wheel, however, can be dressed as 
and when the need arises, at an optimum rate, irrespective of the grinding 
conditions 

Our interest, m the present work, is on the first configuration (Figure 1 la) 
which combines the grinding and dressing zones It is to be noted that this 
process is different from the so-called electrical discharge grinding (EDG) pro- 
cess [7] — the terminology of v hich is a misnomer, as the rotating graphite 
electrode used therein for spark erosion is never m physical contact with the 
work, let alone abrade the work material Considering the apparent simi- 
larity between ECG and EDDG, a comparison between the two is m order 
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Figure 1 1 Basic configurations of EDM-grinding hybrid process (a) Combined dress- 
ing and grinding zones (b) Isolated dressing and grinding zones (1-wheel, 2-work, 
3 -power supply, 4-dressmg electrode) [17] 

Material removal m the latter process, m contrast to ECG, is predominantly 
by abrasion with the spark discharges playing more of a supportive role An 
advantage of EDDG over ECG is that it is more environment-friendly with 
n o sludge formation and attendant disposal problems — an aspect becoming 
increasingly prominent lately 

To appreciate the motivation for the development of EDDG process, it is 
worthwhile to review certain characteristics of and the problems associated 
with grinding and EDM of hard materials to understand how they assist each 
other when combined 

Abrasive machining, by nature, calls for a tool material harder than the 
workpiece Grinding of hard materials, therefore becomes a problem as the 
work-material hardness approaches that of diamond, which is the hardest 
known abrasive In addition, grinding of hard materials is characterized by 
inordinately high normal force as the indentation of the abrasive grains into 
the workpiece becomes difficult [4] High normal force causes significant elas- 
tic deformation of the machine tool structure, which reflects detrimentally on 
the machining accuracy Under such circumstances, it is essential to explore 
means of lowering the resistance of the work material to machining Hybrid 
machining processes are possibly the key to this end ECG of AI2O3-M0 cer- 
met, for instance, involves lower grinding forces and specific grinding energy 
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m comparison to conventional diamond grinding, as the electronic action 
weakens the Mo bridges that bind the hard AI 2 O 3 grains [18] In EDDG, 
electrical spark discharges are utilized to thermally soften the work-material 
on a microscopic scale to facilitate grinding and to dimmish the grinding 
forces 

While grinding hard materials, wear-flats are formed rapidly on the abra- 
sives, on account of intense attritions wear This is known as glazing of the 
wheel Another related problem is wheel loading which refers to the accu- 
mulation of grinding swarf m the chip pockets on the wheel surface These 
phenomena collectively give rise to a time-dependent increase of grinding 
forces and power, and undesirable vibrations Glazing and loading of grind- 
ing wheels are serious deterrents to achieving good machining accuracy and 
surface finish, and eventually culminate m stalling the material removal pro- 
cess Frequent dressing of the wheel is hence imperative to maintain a wheel 
topography conducive to effective grinding This translates to considerable 
loss of both wheel material and productive machining time The volumetric 
diamond wheel wear while grinding polycrystallme diamond, for example, is 
fifty times the volume of material removed [19] This implies that more time 
is spent on dressing the wheel, rather than machining In EDDG, dressing 
of the grinding wheel is continuous and is m-process, as the bond material 
is subject to spark erosion This obviates the need to interrupt machin- 
ing for dressing the wheel In the event of wheel clogging, the conducting 
grinding debris is selectively removed, thus enabling free cutting Moreover, 
the discharge parameters can be optimized such that the wear rate of the 
bond corresponds to that of the abrasives, which represents optimal grinding 
performance 

The nature of dressing metal-bonded wheels by electro erosion also de- 
serves mention Presently, mechanical methods are widely practiced wherein 
dressing is brought about by abrasion of the relatively soft bonding ma- 
trix [20] These procedures have the limitations of acute wear of the dressing 
medium, and the possibility of the loss of abrasive grams by way of gram frac- 
ture or pull-out Electrodischarge dressing has been found [21] to alleviate 
these difficulties Here mechanical shearing of abrasives is absent as dressing 
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is by bond erosion A maximum protrusion height close to 60% of the grain 
dimension is achievable by this method [22] whereas the one obtained through 
mechanical methods will be lower, depending on the efficiency of dressing 
In addition, the negligibly low dressing forces m electrodischarge dressing 
help retain good form accuracy of the wheel, and facilitate dressing of even 
thm wheels Moreover, a wide range of grit sizes and concentrations can be 
accommodated while electrodischarge dressing by just tuning the discharge 
parameters, mechanical methods of dressing, on the other hand, would re- 
quire a large inventory of suitable dressing wheels of different specifications 
for accomplishing the same task 

Abrasion assisting EDM is another perspective of EDM-gnndmg com- 
bined process EDM is an inefficient machining process Thermal modeling 
of the process has indicated [23] that the fraction of the molten material 
which is physically not removed but redeposited on the parent material sur- 
face could be as high as 80% The recast layer and the heat affected material 
immediately beneath contain numerous microcracks which degrade the fa- 
tigue strength of the material In EDDG, the crack-infested layer can be 
ground off m situ by appropriately selecting the grit size of abrasives used m 
the wheel The rate of material removal is also improved considerably 

EDM of composite materials containing electrically nonconducting phases 
poses a few problems The nonconducting material particles hamper the pro- 
cess stability and impede the material removal process resulting in very low 
stock removal rates More serious is the risk associated with die-sinking this 
kind of materials [6] as machining progresses, due to mhomogeneity of the 
work material, if by chance, a localized layer of insulating material surfaces 
up, the control system of the machine tool would misinterpret the situation as 
an open-circuit condition This would result m a feed motion being imparted 
to the electrode which can result m collision and consequent damage These 
problems are taken care of m EDDG The MRR is enhanced as the abrasive 
grains remove the nonconducting material particles expending little effort, 
with the spark discharges having thermally softened the surrounding bind- 
ing material Chances of potential collisions are also reduced considerably 
by the incorporation of abrasion into EDM The rotating wheel, moreover, 
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considerably improves the flushing at the mterelectrode gap, which is most 
important with regard to process stability 

Publications available on EDM-grmding hybrid machining process are 
not many References [15-17] on the process are more of an exploratory 
nature An extensive literature survey yielded just two references that report 
a systematic study of the process, the salient results of which are reviewed 
m the following 

The role of electrical discharges introduced m the grinding zone while 
grooving and cuttmg-off of cemented carbides and a few advanced ceramics 
has been studied by Aoyama and Inasaki [24] The responses investigated to 
evaluate the grinding performance were the grinding forces, wheel wear, sur- 
face finish and the geometrical accuracy Their set-up consisted of a surface 
grinding machine, with the wheel and the work electrically insulated from 
the rest of the machine, across which a pulsed d c voltage was applied for the 
spark discharges to occur m the grinding zone The grit size of the resmoid 
bonded wheel used was 100 fim With an increase m the applied voltage, the 
normal and tangential components of grinding force were found to decrease, 
at the expense of an increase m wheel wear (Figures 1 2a and 1 2b) While 



Figure 1 2 The effect of applied voltage on (a) Forces and (b) Wheel wear, while 
diamond grinding cemented carbide with electrical spark assist [24] 
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the straightness of the ground groove improved with increasing voltage, due 
to reduced elastic deformation of the wheel associated with lower grinding 
forces, the surface finish was found to deteriorate (Figures 1 3a and 1 3b) 
The electrical discharges have also been found to obviate the problem of 
chipping of ground edges, which is common while grinding brittle materials 



Figure 1 3 The effect of applied voltage on (a) Straightness and (b) Surface rough- 
ness, while diamond grinding cemented carbide with electrical spark assist [24] 

The decrease m the grinding forces has been attributed to two factors 
(i) a portion of the material being removed by spark erosion before the abra- 
sive grains cut the material, and (n) self-sharpening of the grinding wheel 
brought about by the electrical discharges The grinding forces were found 
to be reduced remarkably while grinding SiC and S13N4 ceramics too The 
primary limitation of the process was found to be the high wear rate of the 
wheel, which could be circumvented by replacing the resmoid bond of the 
wheel by tungsten, which is quite resistant to spark erosion 

Recently, Rajurkar et al [25] have reported the characteristics of EDM- 
gnndmg hybrid process, which they call Abrasive Electrodischarge Grinding 
(AEDG) The experimental set-up comprises a grinding attachment assem- 
bled on a EDM die-sinker Machining experiments have been conducted on 
Al-SiC and a titanium alloy Their viewpoint of the process has been to study 
how abrasion could enhance EDM performance, and for this reason, use a fine 





1.3 Electrical Discharge Diamond Grinding 


13 


grit wheel (220 mesh) The peak current, pulse on-time and wheel speed have 
been identified to be the mam parameters influencing the process responses 
for a particular wheel and servo reference voltage setting The enhancement 
of the material removal rate on introducing abrasion into the process has 
been studied m comparison to conventional EDM, and EDM with a rotating 
graphite electrode (EDG), as a function of wheel speed and pulse on-time, 
an increase in wheel speed has been observed to provide a higher material 
removal rate m AEDG due to enhanced abrasion (Figure 1 4a) Si mil arly, 
with an increase m the peak current, more of material is removed on account 
of intensified electroerosion (Figure 1 4b) The relative contributions of EDM 
and grinding m removing material, with reference to peak current, has also 
been qualitatively studied with the aid of scanning electron microscopy 



Figure 14 (a) A comparison of the MRR obtained in EDM, EDG and AEDG while 
machining AI-SiC (b) The role of current and pulse on-time on the MRR in AEDG [25] 

EDM-grmding hybrid machining process is very much m its early stages 
of development Sustained research is required to transform the process into 
a mature technology, for its successful induction into the industry This thesis 
makes an attempt m this direction The scope of the present work, and the 
organization of the thesis are described m the following section 
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1.4 Scope and Organization of the Thesis 

The thesis comprises both experimental and theoretical components In 
studying the EDM-gnnding hybrid machining process, the emphasis m the 
present work is on examining the role of electrical spark discharges incor- 
porated at the wheel-work interface in enhancing the grinding performance 
Experiments have been conducted on both high speed steel and cemented 
carbide workpieces to elucidate the material-specific stock removal mecha- 
nism The effect of wheel speed, current, pulse on-time and duty factor, 
on the material removal rate and grinding forces have been studied to per- 
ceive the underlying physics of the process Description of the experimental 
set-up, details of experimentation, and the associated results and discussion 
constitute Chapter 2 of the thesis 

Metal-bonded diamond grinding wheels are predominantly employed m 
EDM-grinding hybrid machining process Modeling of the process with a 
view to contributing to a better understanding of the same requires a model 
for the topography of diamond grinding wheels Despite their extensive use 
lately, m the grinding of advanced engineering materials, topography mod- 
els for diamond wheels are presently not available Chapter 3 presents two 
approaches to modeling diamond wheel topography m a bid to bridging this 
knowledge gap The first approach entails a stochastic simulation method- 
ology, and the second, a mathematical method based on simple concepts of 
probability theory Various topographic indices that microscopically char- 
acterize the topography of diamond wheels viz , the static gram count, the 
protrusion height distribution, the distribution of inter-gram spacing and the 
projected area due to exposed abrasives are estimated with reference to abra- 
sive grit size and concentration The models are validated by experimental 
data available m the literature 

The introduction of electrical spark discharges m the grinding zone, though 
beneficial m many respects, has however been found to impair the surface 
finish It is hence expedient to switch off the current and employ grind- 
ing alone while finishing a component In this light, a simulation of surface 
generation m EDDG under conditions of no current flow, which utilizes the 
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topography model described in Chapter 3, is presented m Chapter 4 The 
roughness of the ground surface is predicted for various grit sizes by simula- 
tion, and the results are validated by experiments conducted on the EDDG 
set-up developed The distribution of both the ground surface profile height 
and the uncut chip cross-sectional area is also studied 

The conclusions drawn fiom the present work are enumerated m Chap- 
ter 5 Possible avenues for future research are also outlined 



Chapter 2 


Mechanism of Material 
Removal in EDDG 


This chapter presents the mechanism of material removal while diamond 
grinding, with electrical spark discharges incorporated at the wheel-work in- 
terface Experiments have been conducted on high speed steel (HSS) and 
cemented carbide workpieces to explicate the material-specific grinding re- 
sponse The emphasis is on gaming an insight into how the discharges in- 
fluence the wheel and the work with reference to the process parameters 
viz , wheel speed, current, pulse on-time and duty-factor The role of spark 
discharges m augmenting the grinding performance is evaluated m terms of 
the MRR and grinding forces, vis-a-vis grinding with no spark assist 

The following section describes the experimental set-up and the details of 
experimentation Subsequent sections dwell on the material removal mecha- 
nism, separately for HSS and cemented carbide 

2.1 Experimentation 

Experiments have been conducted on a ELEKTRA die-smkmg type spark 
erosion machine equipped with a solid-state power supply The set-up con- 
sists of a grinding spindle assembly and a variable-speed drive, mounted on 
the ram of the machine to rotate the peripheral, metal-bonded diamond wheel 
about its axis parallel to the machine table (Figure 2 1) While machining, 
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Figure 2 1 Photograph depicting the grinding attachment mounted on the ram of 
the EDM machine 

the rotating wheel is fed downward under servo control of the EDM machine, 
for material removal in cut-off configuration (Figure 2 2) The downfeed of 
the rotating wheel is regulated automatically by the servo of the EDM sys- 
tem such that the metallic wheel bond and the work surface are physically 




wheel 

dielectric 


work 


Figure 2 2 Kinematic configuration of the experimental set-up 



2 1 Experimentation 


18 


separated by a gap, the width of which depends on the local breakdown 
strength of the dielectric for a particular servo reference voltage setting The 
workpiece is thus simultaneously subject to heating due to electrical sparks 
occurring between the wheel bond and the work, and abrasion by diamond 
grains with protrusion height ph more than the interelectrode gap- width g w 
(Figure 2 3) 

In conventional grinding operations, a part of the input energy is ex- 
pended m sliding contact between the wheel bond and the workpiece [26] In 
the configuration above, since the non-conducting diamond grains alone are 
in contact with the work, such frictional energy loss is non-existent 

The diamond wheel on being mounted on the spindle, was initially trued 
with a silicon carbide wheel (C60L5V) run m mesh with it, truing being ac- 
complished by abrasion of the bond by the debris generated at the interface 
of the two wheels The slip between the grinding and truing wheels, neces- 
sary for truing action, was obtained by orienting their axes such that their 
peripheral velocities are not collmear along the line of contact Truing was 
carried out until the run-out of the wheel was reduced to less than 10 /zm 
The wheel was thereafter electrodischarge dressed under identical discharge 
conditions (see Table 2 1) before each experiment to obtain a standard wheel 
topography The effect of discharge energy on the resultant wheel topogra- 
phy while electrodischarge dressing is discussed m reference [21] Sufficient 
grit protrusion is obtained under high discharge energy conditions but at 
the expense of dislodging some abrasive grains Arriving at the appropriate 



Figure 2 3 Schematic representation of a section of the wheel-work interface in EDDG 
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le\ el of discharge energy entails a compromise between these two conflicting 
factors The dressing conditions employed m the present study were selected 
to preclude contact between the abrasive grains and the dressing electrode, 
and to remove radially about 50 yum of the wheel material (approximately 
30% of the gram dimension) m reasonable time 

While electrodischarge dressing diamond wheels, the choice of the elec- 
trode material is important At high temperatures, the transformation of 
diamond to graphite occurs, a reaction catalyzed by the presence of certain 
metallic elements It was observed during experimentation that a wheel elec- 
trodischarge dressed with a steel electrode rubbed against rather than cut 
the material, thus giving rise to severe chatter The color of the wheel sur- 
face was also observed to turn black indicating graphitization of protruding 
abrasive grains Reference [27] presents a study on the affinity of diamond 
towards different metals Remarkable graphitization of diamond has been 
observed on heating to 900°C m the presence of iron Of the many mate- 
rials studied, copper and gold have been reported to be the only materials 
to induce no thermal erosion m diamond Dressing of the wheel was hence 
carried out with a copper electrode employing positive polarity 

To evaluate the grinding performance obtained m EDDG, experiments 
ha\e also been conducted by switching off the current, to correspond to 
conventional diamond grinding (A negligibly small current of approximately 
0 04 A however flows through the gap at this setting for the purpose of gap 
sensing ) The servo sensitivity and the servo reference voltage were kept 
constant for all experiments 

The MRR was calculated by measuring the weight loss of the sample on 
machining for a period of five minutes The normal and tangential forces were 
measured with an octagonal-ring strain gage dynamometer The morphology 
of the ground surface and the wheel, and the grinding debris were examined 
m a JEOL JSM 840-A scanning electron microscope 

Since the performance characteristics of diamond wheels of even the same 
specification are prone to vary from one wheel to another, the same wheel was 
used for each of the two materials studied The specifications of the diamond 
wheel used and the dressing parameters employed are listed m Table 2 1 The 
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current and voltage reported m this thesis pertain to average values, unless 
mentioned otherwise 


Wheel 

1A1 diamond wheel, 5 7 mm thick, 100 mm diameter 
G80/100 C75, bronze bond 

Dressing 

Voltage 60 V 

Current 10 A 

Pulse on-time 100 /is 
Duty factor 0 5 

Wheel speed 60 m/min 
Duration 2 mm 


Table 2 1 Wheel specifications and electrodischarge dressing parameters 

2.2 Material Removal Mechanism — HSS 

Diamond is an ineffective abrasive for grinding ferrous materials since it wears 
off rapidly by a graphitization process, with iron acting as a catalyst This 
fact, however, is the motivation for having selected HSS as one of the work 
materials, for evaluating the grinding performance m EDDG, HSS essentially 
represents very hard materials in so far as it swiftly blunts the diamond 
abrasives m the grinding wheel 

Diamond grinding of tool steels has been studied by Graham and Nee [28] 
They report that during the course of grinding, the normal force component 
initially increases with time on account of the formation of wear-flats on the 
diamond grams by a combination of abrasive and chemical phenomena, and 
later stabilizes at an equilibrium value Their results indicate that the wear 
of the wheel, for a given set of grinding conditions, is related to the hardness 
of the workpiece, and the rate of change of normal force during the course of 
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grinding 

Pnns [29] conducted single- grit scratch experiments on steels using dia- 
mond mdentors to investigate their interaction The normal force was found 
to depend mainly on the hardness of the work-material, and to be indepen- 
dent of the cutting speed The tangential force component, on the contrary, 
while being insensitive to work hardness, was observed to decrease with an 
increase m cutting speed 

In the present work, the role of current and wheel speed on the MRR 
and grinding forces is investigated to elucidate the mechanism of material 
removal while grinding HSS with electrical spark assist The work material 
specifications, and the electrical pulse parameters employed during experi- 
mentation are given m Table 2 2 A simple model for assessing the reduction 
m normal grinding force, due to the incidence of spark discharges on the 
HSS workpiece is presented next The subsequent subsection discusses the 
experimental results 


Work Material 

High speed steel (20%W, 4%Cr, 5%V) 
Hardness 1200 HV 
5 6 mm wide 

EDDG Pulse Parameters 

Voltage 40 V 
Pulse on-time 100 fis 
Duty factor 0 5 


Table 2 2 Work material (HSS) specifications and the pertinent EDDG pulse param- 
eters 

2.2.1 Analysis 

The normal force component m grinding originates from the physical interac- 
tion between the abrasive grains and the work The extent of abrasive-work 
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interference m grinding depends on the topography of the wheel and process 
kinematics, and is stochastic m nature However, for simplicity, it is expedi- 
ent to consider a single spherical gram of radius r ploughing through a plane 
work surface to a depth d (Figure 2 4) The normal force F n m this case is 
gnen by 

F n = HAl (2 1) 

vdiere H is the hardness of the work material and A p c = |(2rd — d 2 ) is the 
projected area of contact m a plane perpendicular to the line of action of 
F n A spark discharge incident on the work material just ahead of the gram 
would bring about a hardness gradient across the depth of cut due to a 
rise in temperature The hardness H(y ) at a depth y would depend on the 
temperature T(y) The normal force F% corresponding to this situation can 
be calculated as 

n= I* H (y)A’(y)d v (2 2) 

Jo 

High speed steels retain about 80% of their room-temperature hardness 
upto a temperature of 600° C At higher temperatures the hardness decreases 
rapidly at first and gradually thereafter as the temperature approaches the 
melting point [30] The hardness becomes zero at the melting temperature 


F p 

r n 

T 



Figure 2 4 Illustration of the model for estimating the reduction in normal force due 
to the incidence of spark discharges 
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(1250°C) In the present work, for computation, H(y) is evaluated as a func- 
tion of the temperature T(y) by fitting piecewise polynomials that conform 
to this trend 

To compute the temperature field m the material due to a single spark, 
the anode erosion model discussed m reference [31] is adopted m the present 
work The temperature T(y) along the axis of the spark is of interest and is 
given by the expression 


T(y) = 


\J Qit on 

k 




(2 3) 


In the above equation, the power flux q incident on the anode is evaluated 
as 


fP 

nrliton) 


(2 4) 


where p is the pulse power, / is fraction of the pulse power expended at the 
anode, and r a is the radius of the circular spark channel assumed to follow 
the relationship r a {t on ) = 0 8t on 3 ^ 4 p m, t on being the pulse on-time, k denotes 
the thermal conductivity of the work material, and a the thermal diffusivity, 
(j) represents the integral complementary error function 

The variation of the thermophysical properties of the work material over 
the temperature range from ambient to melting is accounted for by em- 
ploying average values The material constants used for computation are 
k = 25 W/mK and a = 6 83 x 10 -6 m 2 /s The heat of fusion is neglected 
as it incurs a maximum error of just about 2 % The fraction of the pulse 
pover incident on the work is assumed to be 8% [31] 

The model is simulated to study the effect of pulse power and the depth of 
cut on F%/F n The results are depicted m Figure 2 5 F%/F n decreases with 
increasing pulse power at a rate depending on d Despite the simplifying 
assumptions adopted m the model, the simulation results will be seen to 
qualitatively agree with those of experiments, discussed later (Figure 2 11) 
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Figure 2 5 The effect of pulse power on F%/F n at different depths-of-cut — simula- 
tion results (r=80 ju m, discharge voltage 40 V, pulse on-time 100 jus, HSS workpiece) 

2.2.2 Results and Discussion 

Material Removal Rate 

In EDDG only those abrasive grains with protrusion height more than the 
interelectrode gap-width physically interact with the work Such an abrasive, 
m order to remove material has to satisfy the following conditions (i) the 
uncut chip-thickness has to be greater than the critical depth of penetration, 
which is linearly dependent on the grain-tip radius, and (n) the rake angle 
of the gram needs to be less negative than the critical rake angle at which 
chip formation ceases Thus m practice, only a fraction of the number of 
abrasive grams interacting with the work will indeed be removing material 
The current and wheel speed are seen to influence these two aspects and thus 
have an effect on the MRR m EDDG 

Figure 2 6 exhibits the role of wheel speed on MRR at different current 
while grinding HSS At a current of 0 and 1 A the MRR initially increases 
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Figure 2 6 The effect of wheel speed on MRR at different current while grinding HSS 

with wheel speed but tends to decrease at the higher end of the wheel speed 
The trend exhibited by the MRR-wheel speed characteristics at 2 5 and 5 A, 
however, is different m that the MRR increases monotomcally with wheel 
speed The flow of current through the grinding zone by way of spark dis- 
charges is seen to beneficially increase the MRR at all wheel speeds tested 
The decline m the material removal capability of the wheel at 0 and 
1 A current at the higher end of wheel speed is evidently due to blunting 
of the abrasives While grinding steel, diamond abrasive grams have been 
known to wear rapidly owing to graphitization of diamond, with iron acting 
as a catalyst [32-34] The rate of the reaction depends on the temperature 
at the gram-work interface which is dependent on the wheel speed The 
implications of wear-flat formation on an abrasive gram with regard to its 
ability to remove material are twofold the gram-tip radius and hence the 
critical depth of penetration is increased, while the uncut chip-thickness is 
itself decreased Hence, with the formation of wear-flats, a number of grams 
which hitherto have been actively involved m material removal, tend to just 
plough and displace but not remove material This reduces the MRR 
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To understand, the mechanism of improved grinding with the flow of cur- 
rent m the grinding zone, it is essential to examine the magnitude and mode 
of wheel wear in EDDG The average radial wheel wear rate as a function 
of current is shown m Figure 2 7 The wheel wear rate is seen to increase 
with increasing current This implies that the continuous renewal of the 
wheel surface due to in-process dressing counteracts gram blunting and this 
enhances the grinding performance 

Gram fracture is another plausible mechanism of wheel wear m EDDG 
Particle size analysis of swarf collected while EDM-trumg cubic boron ni- 
tride wheels presents evidence m support of this phenomenon [35] The 
spark discharges have been observed to alter the size distribution of abra- 
sives from normal to log-normal, with the gram size shifting toward smaller 
values (Figure 2 8) Particles with log-normal distribution of size are known 
to evolve due to impulsive forces [36] which suggests thermally originated 
fracture of the abrasives Rapid thermal excursion of sintered diamond com- 
pacts has also been found to induce cracks m diamond grains by a chemically 



Figure 2 7 The effect of current on the average radial wheel wear rate while grinding 
HSS (wheel speed 4 5 m/s) 
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Grit Diameter (^m) 

Figure 2 8 The size distribution of cubic boron nitride particles of 120 mesh size 
(a) before EDM-truing (b) after EDM-truing [35] 

activated mechanism [37] The micro-fracture of abrasive grains augments 
grinding performance as sharp and angular abrasives are more effective than 
their blunt counterparts m removing material [38] Gram fracture can be 
expected to be the dominant wheel wear mechanism at low current 

The critical rake angle is primarily dependent on the coefficient of fric- 
tion between the contacting surfaces An increase m the temperature of the 
workpiece has been observed to shift the critical rake angle towards more 
negative values m slow-speed abrasion experiments on steel [39] This is an 
important factor considered to improve the MRR in EDDG with the work 
under the thermal influence of the electrical sparks Especially so, since m 
grinding the abrasive grains pose highly negative rake angles to the work 
The degree of interaction between the wheel and the work, and hence the 
MRR m the configuration of EDDG adopted in the present work, depends 
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on the dynamics of the gap-width With increasing wheel speed, the reduced 
contamination at the gap results in decreasing gap-width which would in- 
crease the undefoimed chip-thickness (see Figure 2 3) Provided the wheel 
is sharp, this has the effect of non-hneaily increasing the MRR with respect 
to wheel speed as seen for 2 5 and 5 A current m Figure 2 6 Since the 2 5 
and 5 A characteristics aie almost parallel to each other, it seems that a 
maximum current of 2 5 A is sufficient to maintain the cutting ability of the 
wheel m the range of wheel speeds investigated 

Examination of the grinding detritus is one of the diverse approaches 
helpful in understanding the mechanism of abrasive-work interaction Scan- 
ning electron micrographs of chips obtained m EDDG at a current of 1 A and 
5 A are shown m Figure 2 9 The chips obtained at a current of 1 A can be 
seen to have a lamellar structure pointing to chip-formation mechanism The 
presence of spherical particles is conspicuous m chips collected at a current 
of 5 A These spherical particles are due to material removed by EDM and 
should not be confused with those reportedly obtained m ordinary grinding, 
that are formed by oxidation of the chips on leaving the grinding zone Such a 
mechanism is absent in EDDG as the grinding zone is completely immersed 
m a hydrocarbon dielectric This indicates that, m EDDG, depending on 
the current a part of the material is removed by EDM The non-sphencal 
particles found at 5 A current do not have a chip-like shape and appear to 
be segments of highly distorted material, characteristic of debris formed by 
abrasive grams with rake angle more negative than -45 degrees [40] 

The extrapolation of the curves m Figure 2 6 to zero wheel speed is for 
separating the component of the MRR due to EDM alone, and is explained 
later 

Normal Force 

The normal force component m grinding, although not of concern with regard 
to the power consumed, is important with regard to machining accuracy 
considerations 

Figure 2 10 depicts the trend of the evolution of the normal grinding force 
F n for various current, normalized with respect to the initial values It can 
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Figure 2 9 Micrographs of chips collected at a current of (a) 1A and (b) 5A while 
grinding HSS (wheel speed 4 5 m/s) 

be seen that the normal force increases with time before attaining steady- 
state at currents of 0 and 1 A At higher currents (2 5 and 5 A) the increase 
m force is only marginal since the spark discharges preclude the formation 
of wear-flats on the abrasives 

Figure 2 11 illustrates the variation of the stabilized normal force with 
current at \anous wheel speeds The normal force decreases with increasing 
current for all wheel speeds It is also seen that for a particular current, the 
normal force is higher for a larger wheel speed 

Scanning electron micrographs of ground surfaces obtained at different 
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cuirent and wheel speed clarify their effect on the normal force Micrographs 
m Figure 2 12 reveal the role of current At zero current condition, grooves 
formed b> the abrasive grains are visible (Figure 2 12a) The black spots 
found aie presumably graphite particles detached from the diamond grains 
and deposited on the machined surface Incipient melting of the surface is 
evident at a current of 1 A (Figure 2 12b) The extent of melting is seen to 
increase with current as indicated by the micrograph correspon din g to 5 A 
cuirent (Figure 2 12c) Higher current causes more thermal softening which 
results m decreasing normal force (Figure 2 11) 

The increase m normal force with wheel speed at a current of 0 A is due 
to the increase m the rate of formation of wear-flats on the abrasives with an 
increase in the wheel speed This is on account of the rate of graphitization 
of diamond abrasives being dependent on the temperature at the gram-work 
interface, which m turn is a function of wheel speed With a current flowing 
through the gap, the blunting of grains is however not prevalent, but other 
factors come into picture as discussed below 

Figure 2 13 shows micrographs of surfaces machined at a current of 2 5 A 
for two wheel speeds The micrographs denote that there is a transition m 
the mechanism of material removal from predominantly EDM to grinding, 
as the wheel speed increases Possible reasons for the increase m normal 
force with wheel speed at a particular current are as follows (i) With an 
increase m wheel speed, as the number of abrasive-workpiece interactions 
per unit time increases, the number of spark discharges available per active 
gram decreases This would lead to a higher normal force (n) The presence 
of solid, conducting impurities suspended m the dielectric fluid influences 
the discharge phenomenon m EDM [41] A certain amount of contamination 
at the mterelectrode gap is essential for the discharges to materialize At 
high wheel speeds, the effectiveness of discharges decreases due to discharge 
instability owing to swift removal of debris from the gap With an increase 
m wheel speed, the energy transferred to the workpiece and hence the extent 
of thermal softening decreases which would contribute to an increase m the 
normal force (m) A change m the gap-width would also influence the normal 
force At a particular current, an increase in wheel speed reduces the gap- 
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Figure 2 12 Micrographs of HSS work-surfaces ground at a current of (a) 0 A (b) 1 A 
(c) 5 A (wheel speed 4 5 m/s) 

width This results m more interference between the wheel and the work, 
and hence a higher normal force (The effect of wheel clogging, if any, on the 
other hand, will be to counteract this by receding the w'heel away from the 
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Figure 2 13 Micrographs of HSS work-surfaces ground at a wheel speed of (a) 1 5 m/s 
(b) 6 m/s (current 2 5 A) 

work to maintain the gap-width ) 

Tangential Force 

The effect of current on the tangential force at different wheel speeds while 
grinding HSS is presented m Figure 2 14 At zero current, the tangential 
force decreases with wheel speed, the trend of which reverses with a current 
flowing through the gap The characteristics also exhibit distinct maxima 
with respect to current for each wheel speed The maximum shifts toward 
higher values of current with increasing wheel speed 

The resistance to the lateral motion of an abrasive gram comprises (l) the 
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Figure 2 14 The effect of current on the tangential force at different wheel speeds 
while grinding HSS 

force required to shear the junctions formed between the work and the gram, 
and (n) the force needed to displace the material ahead of the gram These 
force components are influenced by the bulk physical properties of the work 
material 

The formation of adhesion junctions between the work and the gram at 
points of contact is deemed to arise out of a cold-welding process [42] The 
force required to shear the junction thus formed, as the gram moves, is depen- 
dent on the shear strength and the area of the junction The temperature 
of the contact interface plays a significant role m facilitating the flow and 
welding of the adhesion junctions between the abrasives and the work This 
explains the dependence of the tangential force on current in EDDG 

The role of temperature on the shear strength of adhesion junctions 
formed between surfaces m contact is reported m reference [43] Strong 
adhesion force is found to initiate at a temperature about half the melting 
temperature of the softer metal Above this temperature, the adhesion force 
increases markedly to reach a maximum and decreases thereafter The m- 
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ci ease m adhesion force with temperature is attributed to junction growth, 
the rate of which is largely temperature dependent At the temperature 
corresponding to the maximum adhesion force, the real area of contact ap- 
pioaches the appaient area Once the maximum area of contact is attained, 
a further increase in temperature results m decreasing shearing forces due to 
work material softening This interprets the maxima that occur m the tan- 
gential force-current characteristics The maxima shift toward higher current 
with mci easing wheel speed as a higher current is required to offset the de- 
crease in the pulse energy expended on the work, with an increase m wheel 
speed 

The decrease m the tangential force with increasing wheel speed, at a 
constant depth of cut, m conventional diamond grinding (0 A current) of 
steel has been reported m reference [29] too, this has been ascribed to a 
fundamental change m the material deformation mechanism, as indicated by 
the morphology of the chip-forms Softening of the work m the primary shear 
deformation zone due to plastic deformation-induced heating is a possible 
reason for the decrease m the tangential force with increasing wheel speed 
With the flow of current through the mterelectrode gap, the tangential force 
increases with wheel speed for a particular current due to the combined 
effect of increasing wheel-work interference, and reduced thermal softening 
associated with increasing wheel speed 

Specific Grinding Energy 

Specific grinding energy is the energy expended m grinding a unit volume of 
a material Consideration of the magnitude of specific grinding energy and 
it s dependence on the operating conditions provides vital clues to figuring 
out the mechanism of abrasive- work interaction Typical values of specific 
grinding energy for steels are much higher than the melting energy per unit 
■volume This is due to large negative rake angles of the abrasive grains which 
is a severe constraint to material removal [44] 

In this sub-section, the dependence of specific grinding energy m EDDG 
on the wheel speed and current is studied To evaluate the specific grinding 
energy m EDDG, the component of kIRR due to grinding alone has to be 
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separated fiom the total MRR 

Referring to Figure 2 6, extrapolation of the 0 A characteristic to zero 
wheel speed corresponds to zero MRR This is understandable as no ma- 
terial removal is possible with the wheel remaining stationary under pure 
grinding conditions The same is observed for 1 A too The absence of 
spherical particles among chips collected at 1 A current (Figure 2 9a) also 
suggests that no appreciable amount of material is removed by EDM at that 
current Extrapolating 2 5 and 5 A curves, however, appear to yield posi- 
tive intercepts on the MRR axis The magnitude of these intercepts ought 
to be the MRR due to EDM at the respective currents, averaged over the 
wheel speeds investigated To corroborate the methodology given above, the 
MRR is plotted against the corresponding normal force for these currents m 
Figure 2 15 The relationship is found to be linear As EDM is devoid of 
any machining force, extrapolation of these lines to zero normal force can be 
expected to give the MRR due to EDM The results of these two exercises are 
found to agree within 15% The average of these values gives an indication of 
the MRR due to EDM The MRR due to grinding (MRR S ) is now obtained 



Figure 2 15 MRR vs normal force at 2 5 and 5 A current while grinding HSS 
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by subtracting the component of MRR due to EDM from the total MRR 
The specific grinding energy u is evaluated as 


Fjv 
MRR g 


(2 5) 


where F t is the tangential force and v is the wheel speed Figure 2 16 de- 
picts the variation of specific grinding energy with current for various wheel 
speeds For all wheel speeds investigated, the specific grinding energy de- 
u eases exponentially with current This confirms the efficacy of the mode of 
material removal m EDDG, and thermal softening of the work as discussed 
in the foregoing It is interesting to note that the specific grinding energy 
at the higher end of current tends toward the melting energy per unit vol- 
ume (10 5 J/mm 3 ) of steels [44] For a given current, an increase m wheel 
speed corresponds to a higher specific grinding energy This corroborates the 
premise that the extent of thermal softening decreases with increasing wheel 
speed 



Current (A) 

Figure 2 16 The effect of current on the specific grinding energy at different wheel 
speeds while grinding HSS 
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2.3 Material Removal Mechanism — Cemen- 
ted Carbide 

Cemented carbides constitute an important class of materials, the applica- 
tions of which, especially m the metal cutting industry cannot be overem- 
phasized Inevitable shrinkage of these materials on sintering, among other 
factois, often necessitates subsequent machining to impart the specified di- 
mensions and form to the end-product Owing to high material hardness, 
machining is generally performed with diamond grinding wheels EDM is 
also widely practiced 

To prepare the ground for the study of EDDG of cemented carbides, 
the available published literature emphasizing the mechanism of material 
removal, on grinding and EDM of the same, is reviewed m the following 
In view of their technological significance, attempts to elicit the mecha- 
nism of wear of cemented carbides have been many Our interest, however, 
with reference to the present w r ork, will be confined to wear due to hard 
abrasives While diamond and silicon carbide abrasives cut cemented car- 
bides effectively, alumina which has a hardness only of the order of that of 
WC has been found [45] to be able to only partially penetrate or abrade 
them 

Reference [46] reports the simulation of abrasive wear of WC-Co by sliding 
a loaded, conical diamond mdentor The mdentor was observed to generate 
permanent grooves on the specimen surface on application of a load exceed- 
ing a certain threshold The mechanism of groove formation was primarily 
plastic deformation, accompanied by microfracture of the binder and carbide 
phases, especially at high loads W ith these mechanisms operative, the wear 
volume was found to have a good correlation wuth the product of hardness 
and fracture toughness of the specimen Under repeated scratching condi- 
tions, the mechanism of wear was found to be gradual extrusion of the binder 
which weakens the groove surface thereby making it susceptible to removal 
during the subsequent passes of the mdentor 

Examination of diamond ground WC-Co surfaces m a scanning electron 
microscope [47] has revealed the presence of grooves along the grinding di- 
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iection X-ray micioanalysis indicated the grooves to be devoid of cobalt, m 
conti ast to the ridges which were rich m them, understandably due to binder 
extiusion mechanism The chips collected during grinding cemented carbide 
weie found to be similar to flow-type chips obtained while grinding metals 
The appearance of distinct shear front lamellae on the WC grains, confirmed 
plastic flow which precedes and accompanies crack propagation through the 
caibide phase 

The detritus collected during wire EDM of WC-Co, on observation m a 
scanning electron microscope has been found [48] to be composed of spherical 
cobalt particles — some of which were hollow, and WC particles, irregular m 
shape as m the composite This indicates that the temperature to which the 
WC-Co surface is exposed to during EDM, is high enough to melt/evaporate 
the metallic binder which is the lower-melting constituent Due to the higher 
electrical conductivity of Co as compared to WC, the spark discharges can 
be expected to be by and large localized on the Co matrix The WC net- 
work is therefore debilitated due to selective loss of binder by spark erosion 
Individual WC grains are eventually dislodged, presumably by shock waves 
arising out of the abrupt collapse of the plasma bubble during the off-time 
of the pulse 

The work reported m this thesis is concerned with the effect of intro- 
duction of electrical discharges at the wheel-work interface, while grinding 
WC-TiC-(TaNb)C-Co cemented carbide The role of current, pulse on-time 
and duty factor on the MRR and grinding forces is studied to comprehend 
the mechanism of material removal Specifications of the cemented carbide 
used m the work and the experimental parameters employed are presented 
m Table 2 3 The next two subsections dwell on the experimental results and 
discussion 

2.3.1 Results 

Figure 2 17 depicts the effect of current flowing through the wheel- work in- 
terface on MRR at different pulse on-time The data-pomt corresponding 
to 0 A current pertains to grinding with no electrical discharge effect Ex- 
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Work Material 

Cemented caibide (86%WC, 2 5%TiC, 6%(TaNb)C, 5 5%Co) 
Gram size 2-3 jj , m 
Width 5 6 mm 

EDDG Pulse Parameters 
Voltage 40 V 
Duty factor 0 5 
Wheel speed 4 5 m/s 


Table 2 3 Work material specifications (cemented carbide) and the relevant EDDG 
pulse parameters 

periments repeated at this condition indicated that the scatter of the results 
was less than 5% of the mean value The characteristics exhibit maxima 
at a current of about 0 5 A The maximum MRR with respect to current 



Current (A) 

Figure 2 17 The effect of current on the MRR at different pulse on-time while 
grinding cemented carbide 
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is distinct for each pulse on-time, with shorter pulse on-time yielding higher 
MRR For a given pulse on-time, the MRR on reaching a maximum, decreased 
theieafter with a further increase m current It is seen that m the range of 
cunent investigated MRR increases with a decrease m pulse on-time, for a 
particular current The material removal rates are much higher than that 
obtained while electrical discharge machining cemented carbides, a represen- 
tative value of which is around 0 4 mm 3 min ~ 1 A~ 1 [49] The effect of duty 
factor of the discharges on the MRR, as a function of pulse current is shown 
m Figure 2 18 which indicates that the MRR increases with a decrease m 
duty factor, m the range of pulse current investigated (Note that the graphs 
coi responding to duty factor as one of the variables [Figures 2 18 and 2 23] 
have been plotted with reference to pulse current rather than the average 
current as m the other figures, since the average current tends to decrease 
with a decrease m duty factor, for the same pulse current setting ) 

The time evolution of grinding forces during EDDG of cemented carbide 
is dependent on current Typical variation of the normal grinding force with 



Pulse Current (A) 

Figure 2 18 The effect of pulse current on the MRR at different duty factor while 
grinding cemented carbide (10 ps pulse on-time) 
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tune, for different current, normalized with respect to their initial values is 
shown in Figure 2 19 At low current (0 4 A), the normal force undergoes a 
uniform increase with time before stabilizing at an equilibrium value as m 
conventional grinding operations, at an intermediate current (0 9 A) the force 
remains moie or less stationaiy, and at a higher current (1 4 A) the normal 
force initially decreases with time and eventually attains steady state The 
tangential force follows a similar trend as the normal force 

The trend of the variation of the stabilized normal force, as far as the 
initial increase with respect to current at different pulse on-time (Figure 2 20) 
is concerned, is seen to be similar to that of MRR (Figure 2 17) At the higher 
end of current, the normal force appears to become independent of pulse on- 
time The force ratio ( F t /F n ) is independent of current and pulse on-time 
(Figure 2 21), and is numerically consistent with the value quoted elsewhere 
[26] for diamond-carbide combination 

The role of electrical spark discharges m enhancing the grinding perfor- 
mance while machining cemented carbide is appraised m terms of a material 



Figure 2 19 Time evolution of normal force while grinding cemented carbide at 
different current (20 ps pulse on-time) 




Current (A) 

Figure 2 21 Force ratio Ft/F n vs current at different pulse on-time while grinding 
cemented carbide 
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removal parameter {A w ) defined as the volume of material removed m unit 
time pei unit normal force A w is a measure of the resistance of the work 
material to wear The variation of A w with current at different pulse on-time 
is illustrated m Figure 2 22 A w initially decreases with an increase m cur- 
rent, is minimum at a current of about 0 5 A and thereafter increases with 
current, for all pulse on-time investigated Pulse on-time does not appear 
to have any influence on A w Figure 2 23 depicts the effect of duty factor 
on A w at various pulse current While duty factors of 0 5 and 0 83 exhibit 
similar characteristics, a duty factor of 0 2 seems to have no effect on A w m 
the range of pulse current investigated 

2.3.2 Discussion 

Grinding is a complex, dynamic process To comprehend the nature of the 
characteristics discussed m the foregoing section, it is essential to develop a 
systems approach to the abrasive wear of cemented carbides from the point 
of view of both the wheel and the work, and thereafter analyze the outcome 



Figure 2 22 The variation of the material removal parameter A w with current at 
different pulse on-time while grinding cemented carbide 
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Figure 2 23 The effect of pulse current on the material removal parameter A w at 
different duty factors while grinding cemented carbide (10 /j,s pulse on-time) 

of the inclusion of electrical discharges m the grinding zone, on the system 
response 

Cemented carbides, on account of their possessing the unique combina- 
tion of high hardness and significant toughness, represent a grey zone be- 
tween metals and ceramics with reference to their response to abrasion In 
case of ductile metals, wear during abrasion is predominantly due to plas- 
tic deformation, with the generation of grooves and eventual detachment of 
wear debris m the form of chips For brittle solids, m contrast, provided the 
depth of indentation of the sliding abrasive is more than the critical value, 
the tensile stress associated with sliding initiates the propagation of median 
and lateral cracks, emanating from the plastic zone induced beneath the m- 
dentor Material is removed by way of fracture when the lateral cracks reach 
the free surface or link amongst themselves to form loose fragments The 
rate of material removal associated with fracture mechanism is of an order of 
magnitude higher than that of plastic deformation, since the volume removed 
by crack propagation is large compared to the groove dimensions [50] 
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The fiacture of cemented carbide duimg indentation is discussed m refer- 
ence [51] It has been obseived that in cemented carbides, the cracks remain 
within the plastic zone of indentation unlike m brittle solids, where they 
penetiate the sui rounding elastic region Since abrasion of cemented carbide 
entails both plastic deformation and brittle microcrackmg mechanisms, the 
relative extent of these mechanisms will govern the rate of material removal 
The progressive loss of the cutting ability of a diamond wheel while grind- 
ing hard materials is generally due to one, or a combination of the following 
phenomena ( 1 ) attritions wear of grits resulting in the formation of wear- 
flats, (u) wheel loading and (m) pull-out of abrasives However, during dia- 
mond grinding of cemented carbide, fine microfracture of the abrasive grains, 
to a large extent reduces wear-flat formation [52], and wheel loading is the 
major problem [53] Wheel loading refers to the adhesion of grinding debris 
on the active grains and the wheel bond This leads to increased friction 
and is a dominant factor m determining the frequency of dressing in grinding 
opeiations A studv on the loading of grinding wheels [54] indicates that 
the rate of loading is high at the outset, and tends to saturate as grinding 
proceeds Pull-out of grains is not quite common m fine grinding, but is so 
during EDDG of cemented carbides, and will be discussed later 

The behavior exhibited by the MRR and normal force characteristics 
with regard to current and pulse on-time (Figures 2 17 and 2 20) can now be 
rationalized m the framework of the concepts reviewed above 

Since the current at which the maximum MRR occurs (Figure 2 17) corre- 
sponds to the minimum A w (Figure 2 22), it is conclusive that the increase m 
MRR on introducing electrical discharges m the grinding zone is not because 
of removal of material being made any easier The possibility of an increase m 
normal force (Figure 2 20) due to grit-bluntmg is ruled out, as it would have 
showed up as a decrease m the force ratio, which is not the case (Figure 2 21) 
Moreover, during preliminary experimentation, it was observed that the rise 
m normal force was reversible — the force reverted back, on switching off the 
current — which endorses the view that the abrasive grains do not undergo 
any significant blunting It is apparent that the increase m MRR and normal 
force is due to decloggmg of the wheel by electrical discharges The effect is 
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schematically illustrated m Figuie 2 24 Under pure grinding condition (0 A 


clogged material 


Figure 2 24 Illustration of the effect of clogging of the wheel 


current) , there is adherence of work material chips on the abrasive grams and 
the bond (Figure 2 25) For a thickness t of electrically conducting adherent 
layer (refer Figure 2 24), the undeformed chip-thickness for an active gram of 
profusion height p h will be p k - (g w + 1) With the introduction of electrical 


Figure 2 25 Micrograph indicating wheel loading 
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disc haiges m the mteiface, deelogging of the wheel occurs whereby t-40 
anti the umlefoimed chip-tint Knew* incieases to (p h - g w ) i n this process of 
the wheel ino\ mg towards the work, many grams which hitherto have not 
been mtei acting with the v’ork become active. The increase m the effective 
mechanical mterfeienco between the wheel and the work results in a higher 
MRR and concomitant highei normal force It is also likely that the uncut 
clnp-thicknosvs due to some abrasives would graduate to the micro cracking 
regime fiom that of plastic deformation, thus enhancing material removal 
Foi a particular pulse on-time, the decrease m MRR and normal force 
with cuiient, aftei attaining a maximum (Figures 2 17 and 2 20) is due to a 
multiplicity of factors (i) with increasing current, thermal softe nin g of the 
work occuis as implied by the increase m A w (Figure 2 22) With the de- 
crease m the hardness of the work, plastic deformation would dominate over 
miciociackmg, and will be the rate-controlling mechanism This decreases 
the MRR (u) The time evolution of normal force (Figure 2 19) shows that 
at highei cunent, the normal force initially decreases with time before at- 
taining steadv state This is an indication of pull-out of abrasives from the 
bond At highei current, the abrasive grains held mechanically m the bond 
aie dislodged idthei easily on application of a tangential grinding load, due 
to thermal softening of the bond material This decreases the contribution 
of grinding towards material removal which results m the diminution of the 
MRR (m) The increase m gap- width with an increase m current [41] also 
contributes to some extent in decreasing the abrasive-work interaction 
The notions stated above are clearly brought out m the micrographs of 
surfaces machined at different current The micrographs of the surface gen- 
erated under pure grinding condition (Figure 2 26a) clearly indicates that 
material removal takes place by a combination of microcracking and plastic 
deformation At a cuirent of 0 4 A (Figure 2 26b), microcracking is predomi- 
nant With the current increased to 2 1 A (Figure 2 26c), the role of grinding 
in removing material appears to be on a decrease, the grooves generated by 
the sliding abrasives evident at currents of 0 and 0 4 A are fairly reduced m 
number as the current is increased to 2 1 A 

A w being more or less independent of pulse on-time (Figure 2 22) discloses 




Figure 2 26 Micrographs of cemented carb|de work surfaces machined 

at various 

currents (a) 0 A (b) 0 4 A (c) 2 1 A (IQ p U | se 0 n-time) 
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fioni the electrodes depends on the respective contributions of electrons and 
positive ions, resulting from the ionization of the dielectric at the gap, to the 
total cuirent flow [8] Since the positive ions are about 10 4 times as massive 
as the electrons, the latter reach the anode surface and liberate their kinetic 
eneigy therein m the form of heat, well before the ions reach the cathode 
Thus the election current predominates in the initial stages of discharge 
The technological significance of this phenomenon is that undesirable wear 
of the tool can be minimized, if not done away with, by employing short pulse 
on-time and tool-negative polarity This is the reason behind the reduction 
m the wear of the cathodic wheel on shifting towards shorter pulse on-time, 
observed during EDDG of cemented carbides [24] On extending the concept 
to the present study, it is evident that for a particular current, the extent of 
gram pull-out would reduce with decreasing pulse on-time This results m 
increasing wheel-work interference which leads to higher MRR and normal 
force This is also supported by the fact that a decrease m duty factor 
increases the MRR for a particular pulse current (Figure 2 18) 

The initial decrease in A w (i e , an increase m wear resistance) with in- 
creasing current (Figure 2 22) is quite counter-intuitive the incidence of 
electrical discharges on the work, will in the first instance, be expected to 
atleast maintain status quo, if not increase due to thermal softening of 
the work This phenomenon has been observed m reference [24] too To 
elucidate this peculiar behavior, the influence of fracture toughness on the 
wear of materials has to be inquired — an excellent exposition of which can 
be found m reference [55] This study on the abrasive wear resistance of 
many metals and ceramics has indicated that the wear resistance exhibits a 
maximum with respect to fracture toughness, the location of the maximum 
being dictated by the properties of the wear system (Figure 2 27) To the left 
of the maximum, wear resistance increases with fracture toughness despite 
decreasing hardness, m this regime, loss of material has been observed to be 
primarily related to microcracking To the right of the maximum, the mate- 
rial wears by a combination of microcutting and ploughing and is dependent 
on hardness alone 

To explain the dependence of wear resistance of the cemented carbide 
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Figure 2 27 The role of fracture toughness on wear resistance [55] 

on current m EDDG, it is therefore only necessary to examine the effect of 
temperature on the hardness and fracture toughness of the composite 

The hardness of WC-TiC-(TaNb)C-Co cemented carbide decreases with 
increasing temperature [56] Plotted m semi-logarithmic co-ordmates, the 
hot hardness characteristic is represented by two linear segments with a point 
of inflection at approximately 670 K 

Elevated-temperature fracture toughness studies of cemented carbides [57] 
indicate that the fracture toughness of WC-Co (6% Co), largely independent 
of temperature upto about 875 K, presents a marked increase around 975 K 
WC-TiC- (TaNb) C-Co is identical to WC-Co m so far as fracture related 
behavior is concerned, for reasons discussed later 

Plausible reasons attributed to the increase m fracture toughness with 
temperature include (i) increased local plasticity at the crack-tip owing to 
the transformation of cobalt from hexagonal to cubic structure, (u) enhanced 
plasticity of WC observed around this temperature, (m) crack healing by 
sintering [57], and (iv) thermally activated residual stress relief [56] 

The allotropic modification of cobalt takes place around 675 K [58], well 
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below the temperature at which an increase m fracture toughness is wit- 
nessed which lea\ es the fiist premise above suspect Moreover, an increase 
m fiactme toughness due to crack blunting, on account of enhanced plastic- 
ity at elevated temperatures maj not be significant, as the onset of plasticity 
is observed at a temperature of about 1125 K Semi-empincal analysis, and 
metallographic examination of the path followed by the rupturing crack m 
\\ C-TiC- (TaNb)C-Co cemented carbide indicate [56] that the crack propa- 
gates within the cementing phase and along the gram boundaries, circum- 
venting the carbide grams In that instance, increased plasticity of WC at 
high temperatures can also be hardly expected to contribute to an increase 
m fracture toughness In EDDG, since the abrasive-work interaction events 
take place rapidly and material is being continually removed, any alteration 
m the work material beha\ior due to temperature rise ought to occur in a 
very small interval of time This excludes crack healing by sintering as a 
probable mechanism responsible for the increase m fracture toughness, since 
it entails a time scale of the order of minutes [59] 

Of the mechanisms listed above, the thermal residual stress relief hypoth- 
esis proposed by Spath [56] appears to gam credence m the context of the 
present work The same is validated in the light of it having analytically 
predicted [56] the rise m fracture toughness with temperature to become less 
prominent with an increase m cobalt content, as experimentally observed m 
reference [60] 

Due to the mismatch of the thermal expansion coefficient of Co and WC 
(coefficient of Co is roughly three times that of WC), on cooling to room 
temperature after sintering the cementing phase is under tension and the 
carbide grains under compression Around 870 K, even under short time 
holding, these residual stresses have been experimentally found [56] to be non- 
existent This is due to thermally aided spnngback of elastically displaced 
atoms, which relieves most of the residual microstress 

The strength of a composite m which the rupturing crack traverses through 
the cementing phase will depend on the resistance offered by the cementing 
phase to crack propagation Temperature affects this resistance owing to its 
influence on the residual stress field With an increase m temperature, the 
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ciacks which hitherto had been passing relatively easily through the tensile- 
loaded cementing phase, will encounter more resistance to their propagation 
on account of the relief of the microstress The increase m the resistance to 
ciack propagation manifests itself as an increase m fracture toughness and 
consequent increase m wear resistance 

WC-TiC-(TaNb)C-Co cemented carbide has a three phase structure con- 
sisting of (Ti,TaNb,W)C solid-solution crystals, structurally free WC and 
a cobalt base cementing phase In this composite, the path of the ruptur- 
ing ciack is confined to the cementing phase and the gram boundary, as a 
result of effective wetting of the carbide crystals by cobalt during sintering, 
which results m a discontinuous carbide skeleton as m WC-Co system Hence 
WC-TiC-(TaNb)C-Co and WC-Co have similar fracture related behavior 
The increase in wear resistance due to the rise m fracture toughness at 
a particular temperature will be evinced by only those composites satisfy- 
ing the following conditions (1) thermal expansion coefficient of the binder 
higher than that of the carbide, and (11) crack propagation m the material 
predominantly through the cementing phase With an increase m carbide 
gram size, the effect will be rendered insignificant, since m such a composite 
the cracks tend to be trans-granular If the thermal expansion coefficient 
of the binder is lower than that of the carbide, the cementing phase will be 
under residual compression and hence thermal relief of the microstress would 
in fact, promote material removal The benefit of combining grinding and 
dressing zones m EDDG will be significant for machining such materials 



Chapter 3 

Topography Models for 
Diamond Grinding Wheels 


3.1 Introduction 

Material removal m diamond grinding entails the relative motion of the wheel 
with respect to the work surface, with which it is m physical contact The 
topography of the operating face of the wheel which contains partly embed- 
ded diamond abrasives, m conjunction with the kinematic parameters of the 
grinding process, therefore influences the mode and rate of material removal, 
the forces developed and the roughness of the generated work surface 

Modeling of grinding processes with a view to contributing to a better 
understanding of the same, which would lead to increased efficiency and 
high product quality, requires a true description of the wheel surface Dia- 
mond wheel topography is characterized macroscopically m terms of (1) the 
protrusion height distribution, (n) the static planar gram density (m) the 
distribution of inter-gram spacing, and (iv) the percentage projected area 
due to exposed abrasives These quantities are random variables and for 
a particular wheel are dependent on the dressing conditions and technique 
used for wheel preparation Moreover the state of the wheel surface is time- 
dependent, and varies during the course of grinding mainly due to the wear 
of abrasives 

Characterization of the topography of conventional grinding wheels has 
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induced considerable interest among researchers m the past Consequently, 
man} experimental techniques like profilometry, microscopy and dynamome- 
tr\ in addition to scratch, imprint and thermocouple methods — the details 
and limitations of which are available m references [44, 61], have been de- 
veloped Of the aforementioned methods, profilometry is perhaps the most 
popular for purposes of process modeling and topography evaluation Refer- 
ence [62] describes a three-dimensional measuring system which extends the 
scanning region of a profilometer from a straight line to a plane, to study the 
effect of dressing parameters on the topography of metal-bonded diamond 
wheels Two-dimensional profiles of wheel surfaces obtained by the stylus 
method have been modeled on a microscopic scale using various statistical 
approaches like Markov chain theory [63], autocorrelation function [64] and 
data dependent systems [65] Recently, the application of fractal analysis to 
diamond wheel profiles [66] has brought out the correlation between the frac- 
tal dimension of profiles of diamond wheels and their grinding performance 
Reference [67] presents a survey of the models available for the topog- 
raphy of conventional wheels, all of which can be reduced to a single basic 
model Despite the current widespread utilization of diamond wheels for 
the grinding of advanced engineering materials, attempts to model their to- 
pography have been scant Diamond wheels are structurally quite different 
from conventional wheels m two respects (i) the volumetric percentage of 
abrasives m conventional wheels (40 to 60%) is much higher than those of di- 
amond wheels, which is generally less than 20%, and (u) conventional wheels 
consist of voids separated by bridges of abrasives held m a binder, whereas 
diamond wheels are of negligible porosity Hence, models available for con- 
ventional wheels can hardly be extended to diamond wheels For instance, 
the structure of conventional wheels has been modeled with reference to 
known crystallographic designs [68], to do likewise for diamond wheels would 
invariably lead to erroneous results since the simple cubic structure, which 
has the lowest packing factor of 0 52, is itself about twice as densely packed 
as commonly used diamond wheels 

Buttner [69] has been cited m reference [67] to have derived a topography 
model for diamond grinding wheels on the basis of physical observations, 



3.2 Background & Assumptions 


56 


considering the diamond grains to be ellipsoidal in shape This model relates 
the static count of grains on the wheel surface N st to the average mesh size 
of the abrasives S m and concentration C as 


N.- 

' S1 irpoKSl 


( 31 ) 


where po is the density of diamond, the constant K m the above equation is 
evaluated empirically, which limits the practical utility of the model To the 
best of the author’s knowledge, the above model is the only one available for 
the topography of diamond grinding wheels 

The motivation for modeling the diamond wheel topography m the present 
work is to facilitate the simulation of EDDG process, which is presented m 
the next chapter of the thesis The model is, however, general m nature and 
can be applied to simulate any diamond grinding process 

Since the size of abrasives and their location on the wheel surface are 
random, it is relevant to resort to probabilistic means of modeling the wheel 
topography In this thesis two approaches to modeling diamond wheel to- 
pography are presented the first approach involves a stochastic simulation 
methodology, and the second, a mathematical technique which is based on 
simple concepts of probability theory The objective is to characterize the 
topography of diamond wheels m terms of the topographical indices viz , 
the protrusion height distribution, the static gram count, the distribution of 
inter-gram spacing and the projected area due to exposed abrasives, with 
reference to abrasive grit size and concentration 

The following section provides the background and explains the assump- 
tions based on which the diamond wheel topography has been modeled 


3.2 Background & Assumptions 

1 Diamond abrasives are of varied shape Poiycrystallme diamond grits 
possess no definite geometry whereas monocrystallme grits generally 
tend to be cubic or cubo-octahedral m shape as a result of differences 
m their respective synthesis techniques However, from the point of 
view of modeling, it is expedient to consider the abrasive grams to 
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be spherical This assumption brings about a substantial saving of 
modeling effort, since a single parameter — the gram radius, is sufficient 
to characterize the abrasives Moreover, the orientation of grams m 
the bond is inconsequential, which would otherwise render the problem 
unwieldy 


2 The two basic parameters that specify a diamond wheel are the size 
and concentration of the abrasives used in the wheel Abrasive grains 
are classified according to size by passing them through a stack of stan- 
dardized sieves, the mesh size of the sieves getting finer downstream 
Two numbers S a /S b are used to denote the abrasive size S a refers to 
the sieve that would let the abrasive grains pass through, and Sb to the 
sieve that would detain most of them The grit radius r is related to 
the sieve number S as 


r(mm) = 7 625“ 


(3 2) 


The proportion of abrasives m the wheel is designated by a concentra- 
tion number C, which on division by four gives the volumetric percent- 
age of abrasives 

In the formation of particles, a large number of chance factors are at 
work This leads to the emergence of a normal distribution of particle 
size, which has been observed to hold for narrow distributions [70] 
Hence, the distribution of abrasive radius is assumed to be normal 
(Figure 3 1), and symmetric about the mean gram radius fi T given b\ 

p3) 

The standard deviation of the grain radius a T is evaluated as 

r a - r b 


6 


(3 4) 


since the range of normally distributed random variables, m general, is 
six times the standard deviation 

Diamond grinding wheels consist of abrasive grams discretely dispersed 
m a continuous bonding medium The wheel material is assumed 
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Figure 3 1 Assumed distribution of grain radius 


to consist of two phases, with the abrasive grains embedded m the 
resin /metallic bond It is presumed that there is no porosity 

The first step m the manufacture of diamond wheels is the mixing of 
appropriate amount of abrasive grams and bond-material powder in an 
automatic mixing machine [71] The mixture is thereafter hot pressed 
and subsequently sintered The mixing process ensures a homogeneous 
structure of the wheel material The wheel material is hence presup- 
posed to be stochastically homogeneous with reference to the location 
of abrasive grams m it l e , there is equal probability of encountering an 
abrasive gram at any point m the volume considered For low packing 
densities such as m diamond wheels, this assumption has been generally 
found to be true [70] 

4 A diamond wheel on being mounted on the machine tool spindle is 
subjected to a dressing operation after truing, to condition the wheel 
topography During the course of dressing, the wheel surface might 
sustain grit fracture and/or pull-out Fracture of abrasive grams has 
the effect of altering the protrusion height distribution while pull-out 
decreases the planar gram density The present work assumes that the 
dressing operation induces no grit loss either by way of gram fracture 
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oi dislodgement Wheel dressing techniques that employ electrical dis- 
charge [21] oi electrochemical [72] phenomena, under appropriate op- 
einrnig conditions relate to such a situation Mechanical methods such 
as the' braked truing wheel used at high speeds and rotary wire brush 
technique hate also been reported [73] to dress the wheel with little or 
no damage to the grits The model is not relevant to cubic boron ni- 
tride wheels, as flattening of gram-tips and gram fracture are inevitable 
while dressing them [44] 

5 Diamond grams are held mechanically m the bond As dressing of the 
wheel progresses, the bond material around the grams is continually re- 
moved due to abrasion by the dressing medium, resulting m an increase 
m the protrusion height of individual abrasives With the receding of 
the bond level, eventually, the grams that are not rooted deep enough 
m the matrix to withstand the dressing load get levered off the bond 
The dislodgement of an abrasive from the bond is a complex event The 
failure strength of the adhesive joint between the abrasive gram and 
the bond material, apart from depending on the stress concentrations 
at flaws distributed m the interface, is strongly influenced by the local 
variation of stresses governed by the geometry, the elastic and plastic 
properties of the constituents, and the loading conditions of the bonded 
system [74] Considering the three-dimensional nature and complexity 
of the problem, it is evident that it would lend itself tractable only to 
numerical analysis techniques like the finite element method It was 
hence expedient to look for experimental information m the literature 

The mechanism of release of a diamond gram from resin bond is dis- 
cussed in reference [75] It has been reported therein, on the basis of 
scratch tests, that dislodgement of a gram of radius r (see Figure 3 2) 
occurs when the non-dimensional parameter {x/r) representing the crit- 
ical state of bonding of the gram assumes a value of 0 2 This is m 
conformity with the published data available [22, 76] for metal-bonded 
wheels, and hence has been adopted for topography modeling m the 

present work 
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Gram 


Bond 


3.3 Stochastic Simulation 

This section deals with the stochastic simulation of the three-dimensional 
structure of diamond wheels, whence the desired topographic information is 
extracted Stochastic simulation is a versatile numerical technique to simu- 
late s\ stems that are inherently probabilistic, by random sampling The ad- 
vent of high-speed computers has facilitated the application of this technique 
to a variety of problems m science and engineering Such class of problems is 
sometimes referred to as Monte-Carlo simulation in the literature However, 
stochastic simulation is a more appropriate terminology as the result output 
bv the simulation is probabilistic, computational techniques that involve ran- 
dom numbers to solve deterministic problems are termed Monte-Carlo [77] 
The subsections to follow present the simulation methodology, and the 
results and discussion 


3.3.1 Methodology 

A cube of side c of the wheel material is considered for simulation For 
a wheel of concentration C , the total volume of abrasive grains V a m the 
volume c 3 is given by 

V. = — (3 5) 

“ 400 

The first step m the simulation is to generate N a normally distributed random 
numbers with mean ^ and standard deviation <r r which correspond to the 
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ginin radius ? such that 

-,*E r ? ~ v ‘ < 36 ) 

15 1=1 

whoie fi r and n T aie derived from the mesh size S a /S b (equations 3 3 and 3 4) 
Nov N a sets of three random numbers (x t ,y l ,z l ), uniformly distributed 
between (-0 21,) and (c+0 2r t ) are generated to represent the X,Y,Z co- 
oidmates of the centers of each of the N a grains, vide assumptions 3 and 5 
Generation ol the co-oidmates of the tth gram is subject to the condition, 


^( 7 ,- Lj ) 2 + [if t - y 3 ) 2 + {zt - Zj) 2 > f* + > 2 - 1 to i - 1 (3 7) 

since no two grains can occupy the same Euclidean space 

Having assigned the spatial location of the abrasive grams as above, the 
wheel structure can be physically visualized as schematically illustrated m 
Figure 3 3 The grains protruding below, and belonging to the bond surface 
at an aibiti.uv height H b within the simulated volume (Figure 3 4) could 
have the Z co-mdmatc of their centers * either above or below the bond 
surface these grains can be identified by segregating those satisfying the 

following < onditions 


(H b - 2.) < 0 2r ‘ v ** < Hb 
(s, - H b ) < r, V > H b 


(3 8) 



Z 



Figure 3 3 Schematic representation 


of the simulated wheel structure 




Figure 3 4 Scheme for identifying protruding abrasive grains 


Tin 1 piotiusion height p hl of an exposed gram of radius r t is given by 


Phi = H b ~z l + r l (3 9) 

and the projected exposed area A p = tt(AB) 2 of a protruding gram (see 

Figure 3 5) can be calculated as 


/ *r(2 Tip hl - p hl 2 ) if z, < H b 
1 rf if > H b 


(3 10) 


Fm inmlorn values of H b between 0 and c (Figure 3 4), different samples 
of the wheel surface of r 2 units of projected bond aiea can thus be re aliz ed 
foi evaluating the topographic indices 



Figure 3 5 Projected area due to an exposed abrasive grain 
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3.3.2 Results and Discussion 

Protrusion height distribution 

1 he promiMon height us an important parameter on which the grinding per- 
formance is dependent to a large extent It exercises control over the rough- 
ness of the ground mu face and the wear of the grinding wheel Inadequate 
piutmsion of abrasive grains leaves little space for acco mm odating grinding 
debus and hence promotes wheel loading, which m turn leads to an increase 
m the grinding forces Infoimation on the distribution of protrusion height 
facilitates selection of a wheel for a particular application, and for a selected 
wheel formulation of the optimum operating conditions 

Tvpical simulated protrusion height distribution of a 90/110 1 grit, freshly 
dressed wheel is shown m Figure 3 6 for three different concentrations, which 
mdu ates that the distribution is more or less uniform Experimental results 
available in the literature on the protrusion height distribution of diamond 
wheels are of a conflicting nature a normal distribution of protrusion height 
is i eiioited in refer nice [76] on the basis of measurements done on a scan- 
ning ole< Iron microscopic stereo pair whereas it is observed m reference [62] 
In means of piofilometiy that the distribution changes from exponential to 
uinfcum as the dressing conditions become coarser The difference is pos- 
sibly due to the extent of grit loss due to fracture and/or dislodgement of 
abrasives dui mg dressing The simulation results presented here relate to 
ideal conditions wherein no grit loss is involved The maximum protrusion 
height is seen to decrease with increasing mesh number (Figure 3 7), and the 
values obtained through simulation are quite m agreement with published 
data available m references [62,75,76] 

The plots m Figure 3 6 indicate the possibility of the protrusion height dis- 
tribution being independent of abrasive concentration A two-sided ^-sample 
Smirnov test [78] was carried out to confirm the same 

The data consisted of 5 random samples corresponding to 5 different 
concentrations (25 to 125 m steps of 25) of 500 protrusion heights each The 

1 The non-standard 90/110 grit size interval has been chosen to correspond to 100 mesh 
size used m reference [62] 
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\n tuil.it i* .1 ♦ 1 ■,*'? 1 1 1 >,u m functions of these samples, m order, were denoted by 

/*,(/»> t/p/ S'\(Ph) The null h\ pothesis 

V. h iPh) = FAph) = = Faiph) V p h (3 11) 

w.ls t("l» >: aianiM the alter natne hypothesis 

H' F,[p h ) # Fj{p h ) for some i and j (3 12) 

1 h( wit h the largest protrusion height (98 31 pm) m this case hap- 

pened to be that of concentration 125 and that with the lowest (94 69 pm), 
ut com cut i arum 75 The empirical distribution functions of these samples 

wen* denoted as S v ’{ph) and S w {p h ), respectively 

I hi- Suurnm test statistic T s defined as 

r,=sup[5W(pa)-5 (5) M (3 13) 

uas e\ ablated to be 0 046 The tabulated value given by (1 73/y/n), where 
n is the sample sr/e, takes a numerical value of 0 077 Since T s is less than 
the quantile, the null hypothesis — the protrusion height distribution is 
independent of concentration — was accepted at 5% significance level The 
pxaetieal implication of the above result is that the roughness of diamond 
giomul mu laces will be independent of abrasive concentration, as has m fact 
been repotted m inference [79] on the basis of experiments 


Static grain count 

The static gram count is the number of protruding grains on the wheel sur- 
face per unit area, as opposed to the kinematic gram count which is the 
planar density of the grains actually interacting with the work to remove 
material The kinematic gram count can be evaluated as a fraction of the 
static count through simulation, by duly incorporating the process kmemat 
ics Conventionally, scratch experiments have been conducted with a single 
abrasive gram of known geometry, to study the material removal mechanism 
m grinding processes To relate the outcome of such experiments, say the 
force system, to the actual grinding process wherein a large number of grams 
are dynamically involved, knowledge of the gram density is mdispensa 
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i mine 5 > *i> J 3 *»< !* th* 1 variation of the static gram count as a function of 
ahi.u iw « din < uti.it u»n {• it fom different grit sizes, foi which published expei- 
nii.'UMl data is available foi validation The static giam count increases with 
an iiu lease m alu.ciw' concentiation, and for a particular concentration, 
IS Inuhfi foi a liii’V'i mesh number Despite the simplifying assumptions 
adopted tin* simul.it »m iesults can be seen to conform remarkably to re- 
port'd experimental values, except for 140/170 grit, m case of which the 
pu dst ted value is somewhat higher than the reported one It may be noted 
hen* that the counting of grams on the wheel surface is prone to error espe- 
Cinllv foi fine gut wheels due to the associated high planar gr am density 



Concentration 

Figure 3 8 The static gram count as a function of concentration for various grit sizes 

as obtained by stochastic simulation 


Inter-grain spacing 

The mter-gram spacing A y is the distance between two successive grains on 
the wheel surface, along the grinding direction, lying within a section of width 
equal to the nominal gram diameter N (Figure 3 9) In conjunction with the 
protrusion height and the kinematic parameters of the grinding process, Ay 
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Figure 3 9 Definition of the mter-grain spacing A y 


determines the chip cross-sectional area, and hence influences the grinding 
fon es and the roughness of the work surface It also affects the ease of chip 
iemm.il and the rate of heating and cooling of the work 

The plan mow of the simulated surface of a 90/110 grit wheel for 50 
ami lt)t) t oncent, ration is shown m Figure 3 10 Due to random position of 
giants on the wheel surface. Ay is appropriately portrayed m terms of its 
distribution The analysis of the distribution of the same revealed that the 
magnitude of Ay could be described by a gamma model, whose probability 
density function is given by 


f±v{Ay, cr. A) = 


i / Ay\ 

ffT(A) V cr ) 


A-l 


exp 


-Ay 


Ay, a, A > 0 (3 14) 


where cr is the scale parameter, A is the shape parameter and T denotes the 


gamma function 

The parameters cr and A which completely specify the gamma distribution 
were estimated by employing the following algorithm given m reference [80] 
the arithmetic mean Ay and the geometric mean G of the sample data were 

determined as 


Ay = — 53(Ay)i, G — II (Ay) 
n~A i=i 


1 /n 


(3 15) 


where n is the number of data-points in the sample The shape parameter A 



68 


3 3 Stochastic Simulation 



50 cone. 



Figure 3 10 Typical plan view of the simulated surface of a 90/110 grit wheel for 
two different concentrations (the side of the square represents 3 mm) 

is ei\<‘n bv 

f m 5001 + 0 16 19r/ - 0 0544g 2 )r?- 1 0 < g < 0 577 

A “ | 117 8 4 1 1 07r; + 8 899 + 9 06y + 0 9775 g 2 )g~ l 0 577 < g < 17 

(3 16) 

when* (j — In 1 ZSi // / G) The scale parameter u is evaluated as 

a = Ay/ A (3 17) 

The goodnesK-cf-fit of the estimated probability density function was ascer- 
tained by the standard x 2 test at 5% significance level 

The effect of abrasive concentration on the distribution of Ay is depicted 
m Figure 3 11 The characteristics corresponding to different concentrations 
can be seen to cross over at an inter-gram spacing approximately equal to 
five times the mean gram dimension This was observed for other grit sizes 
too Figure 3 11 also indicates that the most probable inter-gram spacing, 
for a particular grit size, is independent of abrasive concentration The shape 
and scale parameters as a function of grit size and concentration are shown 
m Figures 3 12 and 3 13 The shape parameter varies linearly with abrasive 
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Figure 3 12 The shape parameter of the gamma 
concentration for various grit sizes 


distribution of A y as a function of 
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Figure 3 13 The scale parameter of the gamma distribution of Ay as a function of 
concentration for various grit sizes 

concentration, and is independent of grit size The scale parameter decreases 
with an meioaso in concentration, and for a given concentration is smaller 
for a larger mesh number It would be of interest, m future, to characterize 
the performance of diamond wheels m terms of these parameters 

Projected area due to exposed abrasives 

The projected area due to exposed abrasives is an index which characterizes 
the diamond wheel topography It is an important parameter that would 
influence the process response m EDDG, as the component of material re- 
moval due to spark erosion will be dependent on the projected conducting 

bond area on the wheel surface 

The simulated mean projected area due to abrasive grams as a percent- 
age of the wheel area is presented m Figure 3 14 The mean projected area 
increases with abrasive concentration, but is evidently independent of the 
abrasive grit size In reference [81], an area of 14% is reported for an abra- 
sive concentration of To, which compares quite well with the simulated result 
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Figure 3 14 The mean projected area due to exposed abrasives vs mesh number for 
different concentrations 

of 11% That the projected area due to abrasives m diamond wheels is inde- 
pendent ot abrasive grit size has also been confirmed by means of quantitative 
mieioseopv m reference [81] which further conclusively validates the simula- 
tion methodology, its implementation and the assumptions adhered to m the 

present work 

3.4 Mathematical Model 

In this section, a mathematical model for the topography of diamond wheels 
is piesented The assumptions adhered to herein are essentially the same as 
those enumerated in Section 3 2 

3.4.1 Methodology 

The probability density function f R {r) of normally distributed gram radius 


r is 
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f 1 1 

1 /r — y r \ 2 ' 

fh'{r) = i cr r% /27T 6XP 

2 V cr r ) _ 

l 0, 



Tb<r <r a 
otherwise 


(3 18) 


Hen* n r is the ateiage gram radius and a r is the standard deviation of grain 
radius as defined m equations 3 3 and 3 4 

A cube of volume c 3 units of the wheel material is modeled (Figure 3 15) 
GR represents the gram radius and y the ordinate of the center of the gram 
The distribution of y m accordance with assumptions 3 and 5 (Section 3 2) 
is 


y ~ U(- 0 2^ r , c + 0 2/r r ) 


(3 19) 


Now the probability of the tip of the gram (represented by the point R) to 
be between two arbitrary heights a and b is given by 


P (« < t + y < b) 


1 


c + 0 4//, 


L 


C*rO 2 fir 
0 2 jtir 


P (c + a — y <r < c + b - y)dy 

(3 20) 


The piobabihtv density function f R {r) of r being represented by equation 3 18, 


P (a < r + y < b) = 


fC+G 2{i r rc+b—y 


C + 0 ijlr J-0 2(jL r Jc+a-y 


f R {r) dr d y 


(3 21) 



Figure 3 15 Parameters of the mathematical model 
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Foi oast 1 ot c amputation, the right hand side of equation 3 21 can be reduced 

to 


1 


2(r -H 0 4/i r ) 


/ C- 4-1 

-0 5 


C4- 0 J/Z r 
2/i r 


Clf 


c + 6 ~~ y i^r 


cr , 


■>/5 


erf 


' c + n ~ 2/ /i/ 

C 7 * ^2 


dy 


(3 22) 


where eif represents the error function 

Cali ulation of the integral has been accomplished by Romberg numerical 
integration technique [82] The distribution of protrusion height is obtained 
In evaluating the integral over small intervals 

The concentration number C of a wheel divided by four gives the volu- 
metric percentage of abrasive grits m it Hence, the volume of abrasives V a 
m a volume of c 3 units of wheel material is 



(3 23) 


The expected number of abrasives E[N a ] which constitutes the total vol- 
ume ol abrasives can be shown [36] to be 


E[N a ) = [ 

JTh 


r° 

\v. 1 

L 

, 

eo 

V- 

^rico 

i 


/ji(r)dr 


(3 24) 


The second moment of N a , E[N a 2 ] is evaluated as 


E{N a 2 ] = / 

Jn 



u 1 

L 

r 

co(^ 

*-* 

CO 

1 


h{r)dr 


(3 25) 


The standard deviation of the number of abrasive grams a Na in c 3 volume of 

the wheel material is given by 

( 3 2 6) 

The average number of protruding abrasive grams 1VJ, can now be calculated 


as 


N* = E[N a }P{ a <r + y<b) 


(3 27) 
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‘ and 6 1S R icater than the protrusion height for the 

" nt lho 93% confidence limits [iVf,jV|] for the number of 

p! ' it i i h 1 1 iig dluasnes is given bv 

[A'f , Ni] = N*, ± 2a Na P (a < r + y < b) (3 28) 

Mi *i Epical gram shown in Figure 3 5, the area occupied by the abrasive 

on the sin tut e ot the bond is 

tt(AB) 2 = ir(2rp h - p h 2 ) (3 29 ) 

H ihtrai ls the maximum protrusion height and N p v the average number of 
pie jot ring grains in c“ units of projected wheel area, the average area A p av 
o< < upn-tl }>\ the abrasives can be approximated as 

nL 

A lv = E A 2 ^rVh t - Ph t 2 ) (3 30) 

1=1 

V IldO 

P*,+ 1 = P», + 7^. and Pk 0 = o 


3.4.2 Results and Discussion 

Figme 3 lf> presents the protrusion height distribution for three grit sizes, 
computed employing the mathematical model The distributions are seen to 
lie uniform The lesults are m agreement with those of the stochastic simu- 
lation m so far as the distribution and the maximum protrusion height are 
concei ned ( Figme 3 6 and 3 7) It is apparent from the model (equation 3 20) 
that the protrusion height distribution is independent of the abrasive con- 
centiation and is a function of the mesh size of the abrasives alone 

The static giam count as a function of concentration for various grit 
sizes is depicted m Figure 3 17 Comparison of these results with those 
presented m Figure 3 8 indicates that the results due to the mathematical 
model and stochastic simulation are m agreement as far as the mean values 
are concerned, the 95% confidence bands due to the mathematical model 
are however wider than what is obtained by stochastic simulation To make 
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Figure 3 16 Protrusion height distribution for three different grit sizes (c = 1 mm) 



Figure 3 17 Static grain count as a function of concentration for different grit sizes 
as computed using the mathematical model 
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things runic t leai Figure 3 IS presents a comparison of the mean static gram 
comit tint* to the mathematical model and stochastic simulation, along with 
the expeinnontal results for 90/110 grit size as a function of concentration 
l ho difference between the static gram count predicted by the mathematical 
model and stochastic simulation is only marginal, and that too only at the 
higher Mid of concentration The predicted static gram count can be observed 
to be m good agieement with the experimental result 

The mean projected area due to exposed abrasives on the wheel surface, 
as predated by the mathematical model and stochastic simulation, for a 
com entiataon of 75, for various grit sizes is compared m Figure 3 19 The 
value due to the mathematical model is about 2 % higher than that predicted 
In stochastic simulation This was found to be true for all concentrations 
The mean projected aiea due to the abrasives is independent of abrasive grit 
size, as tonfiimed experimentally m reference [81] The measured value of 
piojected area for a concentration of 75, as reported m the above reference 
is 14% which is quite in agreement with the predicted result 



Figure 3 18 A comparison of the static gram count due to stochastic simulation and 
mathematical model (90/110 mesh size) 





Mesh Number 

Figure 3 19 Projected area due to exposed abrasives — a comparison of results due 
to stochastic simulation and mathematical model (75 concentration) 

A < ompanson ol the utility of the models presented m this chapter is in 
older The mathematical model is approximate whereas the stochastic sim- 
ulation us a more realistic representation However, stochastic simulation is 
computationally intensive m comparison to the mathematical model If the 
topographu al indices alone are of interest, use of the mathematical model is 
recommended On the other hand, if the topographic data is to be used for 
grinding simulation, the stochastic simulation approach would be more ap- 
propriate, since the data required for process simulation are directly obtained 
from the simulated three-dimensional wheel structure Use of wheel topogra- 
ph} data obtained by stochastic simulation for simulating surface generation 
m diamond grinding is demonstrated in the next chapter 




Chapter 4 


Simulation of Surface 
Generation in EDDG 


4.1 Introduction 

The pnru.tn advantages denved by way of introduction of electrical spark 
di.sr hiii gf\s m the grinding zone in EDDG are the m-process dressing and 
doeloggmg of the wheel which results m enhanced grinding performance, and 
the reduction in grinding forces due to thermal softening of the work, as 
dis< ussed in ( 'hapter 2 of this thesis Experimental results presented m Fig- 
ui es 1 1 and l 2 indicate that the spark discharges, however, impair the finish 
of rlu* ground surface This has been observed by Aoyama and Inasaki [24] 
too while grinding cemented carbide with electrical spark assist (refer Fig- 
ure I ,3b) The detrimental effect of spark discharges on the finish of the 
ground surface is quite clearly evident m micrographs shown in Figure 2 12 
This problem which appears to be the limitation of the EDDG process can 
nevertheless be circumvented by switching off the current, and employing 
gi mdmg alone while finishing a component In this light, a simulation of 
surface generation in diamond grinding m cut-off configuration, incorporat- 
ing the kinematics pertaining to EDDG process is presented m this chapter 
The simulation enables prediction of the roughness of the ground surface 
with reference to abrasive grit size, m addition to obtaining the statistical 
characteristics of both the ground surface and the uncut chip cross-sectional 



Current (A) 

Figure 4 1 The effect of current on the surface roughness — HSS workpiece (voltage 

40 V, pulse on-time 100 /is, duty factor 0 5, wheel speed 4 5 m/s) 



Current (A) 

Figure 4 2 The effect of current on the surface roughness cemented carbide 
workpiece (voltage 40 V, pulse on-time 10 fis, duty factor 0 5, w ee s P ee m / s i 
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aitM 

The smf.uv gt'iici.iml in gnndrag is the cumulative outcome of numer- 
ous uluusne-vtoikpim' mbuaction events By simulating these individual 
tntuits n is hence possible to piedict the characteristics of the ground sur- 
face Implementation of the same, requires information on the topography 
of the grinding wheel and the kinematics of the grinding process 

Then* have been many attempts in the past to model the surface gen- 
einted in gimdmg Baul and Shilton [83] were perhaps the first to employ 
uindom digital simulation technique to study the nature of surface interac- 
tions that occur m grinding, m such terms as the probability of contact and 
the relative propoitions of cutting and ploughing contacts A similar tech- 
nique was used by Yoshikawa and Sata [84] to investigate the distribution of 
giam spacing on the grinding wheel and the undeformed chip cross-sectional 
aiea Random numbers were generated to assign three dimensional spatial 
locations to the giam-tips of planar, triangular shaped grits The assumption 
of the giams existing independent of each other on the wheel surface is the 
rnajoi diaw back of this model 

Bhaieju [85] evolved a hypothesis that the ground surface texture is com- 
plement aiv to the envelope of a large number of active transverse wheel pro- 
files that travel so the grinding zone Based on this approach, the relationship 
between the roughness of the wheel and the workpiece could be established 
A generalized, semi-empincal model for estimating the roughness in grinding, 
based on wheel surface characteristics was presented by Suto and Sato [86] 
The constants that occur m the model have been evaluated by conducting 

grinding experiments 

Hamed et al [87] developed a theory for the generation of ground surfaces, 
and verified it through computer simulation and experiment The ordinates 
of the generated profile were found to be normally distributed, with an ex- 
ponential autocorrelation function The form of the autocorrelation function 
was observed to contain information on the process of surface formation 
Law and Wu [88] explored the complex surface interactions in grinding and 
the resultant workpiece topography The computed active gram dens, ty and 
axial pitch have been reported to compare well with experimental resu s 
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Sfcih'tts iW)j pcifoi inpci grinding simulation utilizing digitized wheel to- 
po U xaph% data The peak- to- valley heights obtained through simulation for 
dilien m gi Hiding conditions were seen to be linearly related to the actual 
mines though one to two oideis of magnitude smaller A simple probabilis- 
tic model to evaluate the surface roughness m line grinding was proposed by 
Basin n\ et al [90] based on the concepts of radial distribution parameter 
and the effective profile depth The results of their approximate analysis 
ha\e been found to conform to those of experiments reasonably well An ex- 
planation of certain structural properties of a ground surface m terms of the 
basic paiameters and dimensions of the grinding wheel has been put forth 
b\ Savles and Thomas [91] The model explains the reduction m the rough- 
ness of ground surfaces during spark-out, and predicts the surface roughness 
parameter 

Approaches to modeling surface generation m grinding discussed above 
aie foi comentional wheels The structure of diamond wheels is quite dif- 
fer ent. m comparison to conventional ones diamond wheels possess a rather 
continuous bonding medium as opposed to the porous structure of conven- 
tional wheels, and have a volumetric abrasive concentration normally about 
half as less Therefore, the models available for conventional wheels are not 
applicable' as such to diamond grinding Moreover, these models entail ei- 
thei experiments to determine constants that occur m the model, or wheel 
topography characterization by profilometry technique The latter method 
is tedious and is prone to errors of measurement and digitization The finite 
radius of the stylus tip filters off fine details, and introduces spurious lateral 
thickening of grain peaks This apart, interpretation of the recorded profile 
is based on arbitiary criteria [44] 

With these m view, m the present work, a simulation is presented to 
predict the characteristics of diamond ground surfaces obtained in EDDG 
under conditions of no flow of current, utilizing the topography model of the 
wheel obtained by a random sampling technique, described m Chapter 3 of 
this thesis The simulation results are validated by experiments conducted 
on the EDDG set-up 
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4.2 Experimentation 

The simulation of surface gemmation m diamond grinding has been done with 
redolence to the' kinematics of the EDDG set-up described m Section 2 1 
Renan <d of maternal, m this set-up, is realized m cut-off configuration, with 
the donnfeed of the rotating diamond wheel regulated automatically by the 
sei\o < ontrol of the EDM machine (Figure 2 2) The servo system ensures 
that, the* metallic bond of the wheel and the work surface are separated by 
a gap of width <j„, which depends on the local dielectric breakdown strength 
foi a particular servo reference voltage In this configuration, only those 
grains with protrusion height ph greater than g w are likely to remove material 
(Figure 1 2 3) During the course of material removal, as and when the gap- 
width mci eases the servo imparts an incremental downfeed to the rotating 
wheel to maintain the gap-width 

Experiments have been conducted with the current switched off to cor- 
respond to pme grinding conditions Three different wheels of grit sizes 
<30/100 100/120 and 120/140, each of concentration 75 were used during the 
experimentation The wheel preparation technique was essentially the same 
as reported m Section 2 1 After truing, the wheels were electrodischarge 
dressed before each experiment, employing the conditions listed in Table 2 1 
Experiments have been carried out on high speed steel and cemented carbide 
woikpieees m both cut-off and sparkout conditions, at a wheel peripheral 
speed of 4 5 m/s, with the voltage fixed at 40 V In the cut-off mode, the 
grinding duration was limited to 30 seconds to isolate the effect of wear of 
abrasives, in the sparkout condition, grinding was continued for 5 minutes, 
with the wheel downfeed turned off 

The surface roughness parameter R a was measured using a Surtromc 10 
instrument (manufactured by Rank Taylor Hobson), with a diamond stylus 
of 5 /xm tip-radius A traverse length of 5 mm and a cut-off length of 0 8 mm 
were adhered to during the roughness measurements The reported roughness 
values are the average of 5 readings 
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4.3 Simulation of Surface Generation 

4.3. 1 Methodology 

Uio m home adopted to simulate the surface generation m EDDG is depicted 
m Figme 4 3 Neglecting the curvature of the wheel, the wheel rim is de- 
veloped into a strip which slides past the stationary work surface along the 
Y-dinvf ion The surface of the wheel bond is positioned at a height equal to 
the gap- vs idth g u . from the highest point on the work surface The gap-width 
is shown exaggerated m the figure for the sake of clarity The work surface 
which is initially plane is thus continually modified by each passing active 
abrasive which leaves its impression on the workpiece 



Figure 4 3 Schematic representation of surface generation in EDDG (adapted from 
reference [92]) 

The relevant topographic details required for the simulation are derived 
from the wheel structure, simulated m accordance with the methodology 
explained m Section 3 31 A cubic volume of the wheel material of side 
3 mm was simulated at an abrasive concentration of 75 for each of the three 
grit sizes considered Sample topographic realizations obtained at random 
heigh ts H b (refer Figure 3 4) between 0 and 3 mm, placed one after the other, 
lengthw.se, m the Y-direct.on constitutes the wheel strip shown in Figure 4 3 
For cut-off configuration, it suffices to consider just a plane section across the 
grinding lay, as the profile is identical along the direct.cn of grmdrng The 
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piubh in is thus remiemi two-dimensional, m the X-Z plane The pertinent 
data whn h <huiu<ten/e the wheel topography are the X, Z co-ordinates of 
tin < <*ntei < >1 the abiasives (i,,z,) with reference to the co-ordinate system 
pn"-ent(‘d m higuio 1 3, and their radii r. 

The modihcation of the profile of the work surface as each active gram 
sillies past the woik surface is modeled by transforming the co-ordinates 
of the profile of individual active abrasive grains to the workpiece, based on 
geometric al considerations alone It is assumed that the cross-sectional shape 
of the giouve funned bv the sliding abrasives on the work surface conforms to 
the circular profile of the abrasives i e , material removal is by ideal ductile 
nnciocutting with no pile-up of material towards the sides of the groove 
The principle of modification of the work profile adopted m the present 
work has been applied in the past to simulate grinding [84, 87, 88] and to 
studv abrasive wear [92] The same is explained with reference to Figure 4 4 
Initially a plane work surface AB of length 3 mm along the X-direction at a 
height h fiom the datum is considered The co-ordmates of the profile AB are 
stored for disci ete values of X m the simulation domain at a spatial resolution 
of 1 fin i The centers of the abrasive grains (x t ,z t ) are defined with respect 
to the eo-mdinate system fixed to the workpiece For each gram, while the 
abscissa x t is provided directly by the topography model, the ordinate 2 , is 



Figure 4 4 Coordinate system adopted for simulation of surface generation in EDDG 
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( (imputed as 


z t — h + g w + l t 


( 41 ) 


when 1 /, the oidmate of the gram center with respect to the bond level, 
obtained hum the topogiaphy model With reference to Figure 4 4, it can 
be seen that, an active gram such as G of radius r t would modify the work 
profile onlv withm the interval (x, ± r,) The co-ordinates of the profile left 
bv the abiasive on the work in this interval can be computed by solving the 
equation of the circle foi discrete values of x and modifying the appropriate 
co-ordinates of the vvoik profile 

The' dow nfeed imparted to the wheel to compensate for any increase m 
gap-w uith during the course of material removal is realized in the simulation 
by updating the value of h in equation 4 1 to the maximum height of the 
woik profile every time before an abrasive modifies the work profile The 
unriefoimed chip cross-sectional area a c (shown dotted m Figure 4 4) is com- 
puted bv numerical integration using trapezoidal rule A sample profile of 
the ground surface is obtained after the passage of a number of grains has 
thus been simulated 

Foi studying the characteristics of the ground surface, a projected profile 
length of 2 4 mm was considered at a resolution of 1 fjm, which was split into 
three sampling lengths of 0 8 mm each For each sampling length the mean 
line was computed such that the area of the solid above the line is equal to 
the area of the void below The roughness parameter R a has been calculated 

as 

Ra = J~ f L ’ \ Z ( X )\ dx ^ 

L s Jo 


for each sampling length where s(x) is the height of the profile from the mean 
hne and U is the sampling length, to compute the average roughness of the 
profile The skewness S k of profile height has been evaluated as 


11 1=1 L " 

where n is the number of sampling points, is the profile height, ^ and a s 
are the mean and standard deviation respectively, of the profile height. 
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4.3.2 Results and Discussion 

Figure 1 u depicts the variation in the roughness parameter R a of the sim- 
ulated piofile as each active gram traverses the work surface m cut-off con- 
figuration, at different gap-widths, for a 100/120 grit wheel The roughness 
of the profile initially increases steeply, which subsequently decreases and 
becomes essentially stationary This behavior has been observed experimen- 
tally by Hamed et al [87], who simulated surface generation m grinding by 
tracking a Vickers mdentor across micropohshed surfaces at random locations 
v ithm the simulated width, during the formation of the surface, it has been 
observed that once an equilibrium value of R a is attained, further removal of 
material is seen to hardly alter the distribution of the roughness parameter 
Figure 4 5 also indicates that a higher value of roughness is associated with 
a smaller gap- width The 95% confidence limits for the roughness parameter 
R ai as a function of the gap- width is presented m Figure 4 6 It can be noted 
that the range of variation of R a is higher for a smaller gap-width 

The cyclic variation of R a on reaching equilibrium (Figure 4 5), observed 



Figure 4 5 The surface roughness parameter R. as a function of active gram number 
for various gap-widths, in cut-off configuration (simulation result) 
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Figure 4 6 The 95% confidence limits for the surface roughness parameter R a as a 
function of gap-width, in cut-off configuration (obtained by simulation) 

at, all gap-widths simulated is due to the intermittent feed motion imparted 
to the wheel, for material removal at constant gap-width The increase m 
toughness at the beginning of a cycle corresponds to the discrete down-feed 
imparted to the wheel to compensate for the increase m gap-width which 
occurs during the course of removal of material The subsequent decrease of 
R a m the cycle is due to smoothenmg of the profile due to material removal 
taking place with the ram remaining stationary For this reason, the range 
of roughness is also higher for a smaller gap-width, an infeed given to the 
wheel at a smaller gap-width results m an increase m the depths-of-cut of 
individual abrasives leading to a higher roughness value 

With reference to grinding performance, the two basic parameters that 
specify a diamond wheel are the abrasive grit size and concentration The 
roughness of diamond ground surfaces while strongly dependent on the abra- 
sive grit size [93], is independent of abrasive concentration [79] This is on 
account of the protrusion height distribution being independent of abrasive 
concentration, as theoretically established m Chapter 3 of this thesis For 
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the gup- width vs toughness relationship obtained through simulation for a 
paitu ulai gitt si/e, as presented m Figure 4 6, to be of practical use m pre- 
die! mg the boumb fur loughness obtained m EDDG with respect to that grit 
size lnfomi.ition on tin 1 magnitude of gap-width is required 

The mteieltH trode gap-width m electrical discharge machining, for a set 
voltage depends on the local breakdown strength of the dielectric which is 
c onsideiably influenced b> the size and concentration of debris present m the 
gap Reference [41] is possibly the only source in the literature reporting 
tv pu-al experimental!} measured values of frontal gap-width m EDM for the 
lange of machining parameters pertinent to die-sinking, the gap-width has 
been reported therein to be between 20 and 100 gm corresponding to a wide 


range of discharge parameters 

In the piesent work, the gap-width has been evaluated by tuning the mean 
value of the roughness obtained by simulation to the experimental result as 
follows Experiments done with a 100/120 grit wheel on high speed steel 
and cemented carbide workpieces at a wheel speed of 4 5 m/s and an average 
vdtage of 40 V indicated that the R a value of the ensuing ground surface 
is mound 7 /an. Referring to Figure 4 6, this corresponds to a gap-width 
of about 40 /an which is well within the range reported m reference [41] A 
gap-width of 40 /nn was hence used m the simulation program for predicting 
the roughness limits of 80/100 and 120/140 grit wheels, the results of which 
are presented m Figure 4 7 The simulation results can be seen to agree 
well with the experimentally measured values It may be noted here that 
the roughness obtained m EDDG is m the coarse-machmmg range and is 
much higher than what is obtained m conventional diamond grinding, for 
identical grit size This is due to the fact that the maximum protrusion 
height of electrodischarge dressed wheels is about 60% of the nominal grit 
size whereas it is less than 10% of the grit size for mechanically dressed 


wheels [22], due to grit fracture 

The variation of the surface roughness parameter ft with active gram 
number under spark-out condition, . e with no infeed given to the whee or 
a 100/120 grit wheel ar various gap-widths is shown m Figure 4 8 The roug - 
ness initially increases as in the case of cut-off configuration (Figure 5), but 




80/100 100/120 120/140 
Grit Size 

Figure 4 7 The surface roughness parameter R a in cut- off configuration for various 
grit sizes comparison of simulation and experimental results (the error bands denote 
95% confidence limits for R a , as obtained by simulation) 

thereafter decreases exponentially to a steady-state value It is also seen that 
the characteristics corresponding to different gap-width although do follow 
different paths, finally converge to the same limiting value Comparison of 
the simulated limiting roughness value with experimentally measured values 
for different grit sizes and work material (Figure 4 9) however indicates that 
the simulated roughness values are lower than what is obtained experimen- 
tally Though the spark-out roughness is lower than what is obtained m 
cut-off (compare with Figure 4 7), the difference is not as high as what is 
predicted by simulation This is clearly due to the assumption adhered to 
m the simulation that material removal is by ideal microcutting wherein the 
abrasive is considered to remove the entire geometric section of the work 
which interferes its path In reality, however, the proportion of the volume of 
the groove removed depends on the hardness of the work material the ratio 
of the penetration depth to the tip-radius of the abrasive, and the attack 
angle involved [45] The fraction of material removed could be anywhere 
between zero and one — which respectively correspond to pure ploughing 
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Figure 4 8 The roughness parameter R a vs active grain number at various gap-widths 
during spark-out — simulation results 



Figure 4 9 The roughness parameter R a for various grit sizes (spark-out) — a com- 
parison of simulation and experimental results 
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wheiem ail the material is just displaced but not removed, and ideal cutting 
wheiem all the material is removed Under spark-out conditions, as the pro- 
file is piogiessnoh smoothened, the ratio of the penetration depth to the 
tip radius of abrasives continuously decreases This increases the tendency 
of the material to get displaced rather than removed, which prevents further 
lrnprinement m the finish of the surface 

Figure 1 10 depicts sample simulated ground work profiles that corre- 
spond to a 100/120 grit wheel at a gap-width of 40 pm m cut-off configu- 
ration foi different active gram number, alongwith the distribution of their 
profile heights 




Figure 4 10 Representative 
distribution at an active grain 
40 pm gap-width, cut-off) 


luiated ground work profiles and their profile height 
mber of (a) 250 (b) 500 and (c) 1000 (100/120 grit, 
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Thi' height distribution of ground surfaces is generally cited to be gaus- 
sian, m hue with what is postulated by the Central Limit Theorem The 
distnbutnm of profile height m Figure 4 10 however indicates the presence of 
a .skewness Sayles and Thomas [91], based on their experimental investiga- 
tions report that the height distribution of surfaces ground by conventional 
wheels exhibit significant negative skewness, their theoretical analysis of the 
grinding process explained this to be the direct consequence of the positive 
skewness of the height distribution of the grinding wheel 

The nature of variation of the skewness of the generated profile as each 
active gram removes material in cut-off configuration is shown m Figure 4 11 
The plot indicates that the skewness is predominantly positive, and varies 
cv dually similar to the trend exhibited by the roughness characteristics (Fig- 
ure 4 5) A discrete infeed given to the wheel renders the profile positively 
skewed, and subsequent removal of material m the same cycle with the ram 
remaining stationary, predominantly removes the peaks leaving the valleys 
in the profile relatively unscathed which is denoted by the trend of the curve 



Figure 4 11 The skewness of the si 
number (cut-off) 


mulated profile as a function of active gram 
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which approaches zero skewness This is m agreement with the statistical 
thorn v of skewed distributions due to Kapteyn, discussed m reference [91] 

1 his thorny predicts that a gaussian height distribution would result where 
light cuts are invoked and several passes are taken without increasing the 
food, whereas heavy cuts with single pass would lead to a truncated distri- 
bution The simulation supports the view of Sayles and Thomas [91] that a 
st i ict 1} gaussian distribution of profile height generally accepted as the norm 
us onh an artifact of the care taken to obtain a specimen, and that surfaces 
giound routinely would exhibit significant skewness, the simulation, however, 
indicates positive rather than negative skewness as reported by them 

The mean uncut chip cross-sectional area a m which is the two-dimensional 
counterpart of the undeformed chip-thickness is an important parameter m 
grinding which depends on the topography of the wheel and the kinematics of 
the grinding process Responses like the grinding forces, work surface rough- 
ness and integrity, and the mode of material removal have been characterized 
in terms of a m for advanced ceramic materials [94] The distribution of the 
cross-sectional area a c of chips obtained by simulation for various grit sizes, 
m cut-off configuration, at a gap-width of 40 /jtm is given m Figure 4 12 It 
is evident that the distribution becomes increasingly skewed to the right as 
the grit size becomes coarser 

Experimental investigations [95] have revealed that the average cross- 
sectional area of chips is related to the roughness of the generated surface m 
grinding for a particular work material - a concept which comes m handy 
for predicting roughness corresponding to different grinding conditions and 
operations, for that material The relationship between R a and a m as brought 
out by the simulation, based on geometrical considerations alone is presented 

m Figure 4 13 

It is interesting to note that the extrapolation of the best-fit second- 
order polynomial which relates R. and a„ in Figure 4 13 to the range of 
«. pertinent to experiments reported m reference [95] indicates that the 
simulated charactenstic is in fair agreement with experimental data reported 

therein (Figure 4 14) 
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Chapter 5 

Conclusions and Future Work 


5.1 Conclusions 

On the basis of the experimental and theoretical investigations reported m 
this thesis, the following general conclusions have been drawn 

Mechanism of Material Removal in EDDG 

• EDDG experiments on high speed steel indicate that the introduction 
of electrical spark discharges m the grinding zone is technologically 
appealing for grinding electrically conducting hard materials, carbide- 
steel combinations and materials that tend to rapidly blunt the abra- 
sives and/or load the wheel 

• The improved grinding performance m EDDG is on account of contin- 
uous m-process dressing and decloggmg of the wheel, the wheel wear, 
however, has to be optimized for EDDG to be economically viable 

• The spark discharges thermally soften the work material m the grinding 
zone and thus dimmish the normal force The significance of the ther- 
mal softening effect is that it can be taken advantage of to substitute 
diamond abrasives by relatively inexpensive aluminum oxide abrasives 
for grinding hard materials 
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• While grinding cemented carbides, loading of the wheel is more of a 
pioblem rather than the formation of wear-flats on the abrasives The 
enhancement of grinding performance by the spark discharges incor- 
porated m the wheel-work interface is hence due to decloggmg of the 

wheel surface 

• With an increase m the discharge power, cemented carbide workpieces 
are subject to thermal softening, resulting m a decrease of the normal 
grinding force, but at the expense of premature pull-out of abrasives 
from the wheel, which is unacceptable In such an instance, it is ex- 
pedient to decouple the grinding and dressing zones, and accomplish 
electrodischarge dressing of the wheel with a separate electrode outside 
the grinding zone, as depicted m Figure 1 lb 

• WC-TiC- (TaNb) C-Co cemented carbide studied m the present work 
exhibits an increase m wear resistance while electrodischarge grinding 
at low discharge power due to an increase m the fracture toughness of 
the material with temperature Thermal relief of the inherent tensile 
residual stress m the cementing phase of the composite, through which 
the rupturing cracks propagate appears to be responsible for the rise 
m fracture toughness, and the concomitant increase m wear resistance 

Topography Models for Diamond Grinding Wheels 

• Two approaches to modeling diamond wheel topography — a math- 
ematical model and a simulation methodology have been evolved to 
estimate the indices that characterize the wheel topography viz , the 
protrusion height distribution, the static gram density, the distribution 
of mter-gram spacing and the projected area due to exposed abrasives 
with reference to abrasive grit size and concentration The results of 
the models are in agreement with experimental data available m the 

literature 

. The models indicate that (i) the protrusion height distribution of a 
freshly dressed diamond wheel is approximately uniform, and is in e- 



98 


5 2 Sropt ’ f ‘>r .Future Work 


1 1"! '* 1 * 'tit u f abrasive concentration, (n) the inter-gram spacing of dia- 
nt.uiu v, In vis confoims to a gamma distribution, and (m) the percent- 
<» 'd th<» total piojected area due to exposed abrasives is a function 
“i * li n '* lx < ’ont (nitration alone and is independent of the gnt size 

Simulation of Surface Generation in EDDG 

• Experiments on high speed steel and cemented carbide workpieces m- 
du ate that the inclusion of electrical spark discharges in the grinding 
’/one in EDDG, though beneficial m so far as they dress and declog the 
wheel and reduce the normal grinding force, is however detrimental to 
the finish of the ground surface. Finish-grinding of components may 
hence be carried out with the current switched off- 

• The roughness of electrical discharge diamond ground surfaces is higher 
than what is obtained in conventional diamond grinding, for identical 
grit size This is evidently due to the higher maximum abrasive pro- 
trusion height associated with the former 

• A simulation of surface generation in EDDG utilizing simulated wheel 
topography data is presented to predict the surface roughness param- 
eter R a with reference to abrasive grit size, under conditions of no 
current flow The simulation results are validated by experiments con- 
ducted on the EDDG set-up 

• The simulation indicates that the profile height of surfaces ground m 
cut-off configuration is predominantly positively skewed The simu 
lation also yields the relationship between the surface roughness pa 
rameter R a and the average uncut chip cross-sectional area, based on 
geometrical considerations 

5.2 Scope for Future Work 

EDDG process is in its early stages of development. In this thesis, certain 
fundamental aspects relating to the mechanism of material removal and m 
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olmg of the pi o cess have been presented Some of the issues which could be 
examined m future are summarized as follows 

• The mechanism of material removal in EDDG can be comprehensively 
studied by conducting smgle-grit experiments with diamond mdentors 

of known geometry 

• Metal-bonded aluminum oxide wheels can be tried m EDDG in light 
of the thermal softening of the work, to test their efficacy m grinding 
hard materials like cemented carbides, which hitherto could be ground 
effectively only with diamond abrasives Design of grinding wheels 
which would include development of suitable bonding materials espe- 
cially suited to EDDG is also worthy of consideration 

• The roughness of ground surfaces obtained m the present study are m 
the coarse machining range Further work in EDDG may be carried 
out with finer grit wheels 

• A parametric study of the EDDG process to study the effect of the 
wheel parameters viz , abrasive grit size and concentration, and the 
electrical pulse parameters on various process responses like the MRR 
and grinding forces is essential to generate the technological data for 
EDDG This would also pave the way for optimization of the process 
Another process response which is to be studied is the integrity of 
surfaces obtained m EDDG 

• The discharge energy is an important parameter which considerably 
influences the wheel topography while electrodischarge dressmg Suffi- 
cient grit protrusion is obtained with increasing discharge energy but 
at the expense of dislodging some abrasive grains, arriving at the ap- 
propriate level of discharge energy is a compromise between these con- 
flicting factors With this m view, the effect of discharge energy on 
the wheel topography could be studied, and then correlated with wheel 
performance by conducting grinding tests 
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• The simulation of surface generation in EDDG m the present work is 
based on geometrical considerations The wear of abrasives and the 
pile-up of the woik material could be incorporated in the simulation 
for more realistic results The simulation can further be extended to 
predict the forces and the material removal rate 
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